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Abstract

The fornix is the main white matter output tract of the hippocampus and part of the limbic

system, which is involved in aspects of memory and cognition. High-resolution, fluid-suppressed

diffusion tensor imaging tractography has identified marked volume and diffusion abnormalities

of the fornix in adults with multiple sclerosis (MS), with greater fornix changes in those with

cognitive impairment. Fornix microstructural changes have also been identified across the

healthy lifespan and across limited age ranges of disease cohorts, including MS, using lower

resolution diffusion tensor imaging tractography without fluid-suppression, which is not ideal for

measuring the fornix. Therefore, the objectives of this thesis were to use high-resolution,

fluid-suppressed diffusion tractography to (i) determine if the fornix is affected in

child/adolescent pediatric-onset MS using the same imaging protocols used to study the fornix in

adults with MS, which would suggest its early involvement in the disease course, and (ii) analyze

fornix microstructure changes across the MS lifespan, compared to healthy controls.

High-resolution, fluid-suppressed diffusion tractography was used to identify the fornix

in 42 MS patients (13-63 years old), including 11 pediatric-onset MS ( 19 years of age), and≤
103 healthy controls (12-65 years). First, fornix volume and diffusion metrics were compared

between the 11 pediatric-onset MS patients and 26 age/sex matched controls, as well as

total/regional brain volumes, and correlated with cognitive/clinical scores (Chapter 3). Fornix

volume/diffusion metrics and total/regional brain volumes of all 42 MS patients were then

compared to all 103 healthy controls across age (Chapter 4).

Chapter 3 results showed that relative to controls, pediatric-onset MS patients had

significantly smaller fornix (-26%), which was greater than other proportional losses in

total/regional brain volumes. Notably, hippocampus volume was not significantly lower in
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pediatric-onset MS. Fornix diffusion tensor imaging metrics yielded significantly lower

fractional anisotropy (-7%), as well as higher mean (12%), axial (7%), and radial (16%)

diffusivities in pediatric-onset MS. There were no significant correlations between fornix

volume/diffusion metrics and cognitive/clinical scores. Fornix volume/diffusion metrics in

pediatric-onset MS were similarly affected relative to controls as in our lab’s previous adult MS

study, and showed marked injury to the fornix that precedes injury to connected gray matter such

as the hippocampus, implicating the fornix as an early brain region affected in MS, possibly by

demyelination as indicating by the largest diffusion metric change in radial diffusivity.

Chapter 4 results showed that control fornix volume increased until 33 years and then

declined, fractional anisotropy showed no age relationship, and mean, axial and radial

diffusivities decreased until 33, 30, and 32 years, respectively, and then increased with age. MS

fornix volume and fractional anisotropy followed similar trends as controls across age, but

remained below controls at all ages, and mean, axial and radial diffusivities did not show age

relationships but remained above controls at all ages, especially fornix volume and radial

diffusivity. Presumably, pathological effects on fornix diffusion metrics overwhelmed expected

age relationships in MS, and showed deviations from controls indicative of MS injury across all

ages, suggesting the fornix is an early and consistent target of injury in MS, and that fornix

injury is not progressive in MS.

These findings implicate the fornix as an early brain region affected in MS and may be

largely related to its location within cerebrospinal fluid, which may contain MS inflammatory

factors early on in the disease course.
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Preface

This thesis is an original work by Carly Weber. The research projects, of which this thesis

is a part, received research ethics approval from the University of Alberta Human Research

Ethics Board, including project name “Advanced Magnetic Resonance Imaging of

Pediatric-Onset Multiple Sclerosis”, No. Pro00112979, and “Development of Magnetic

Resonance Imaging and Its Application to Human Disease (Patients without Contract)”, No.

Pro00002112. All participants were scanned at the University of Alberta Peter S. Allen MR

Research Centre.

A version of Chapter 3 of this thesis was presented at the 2024 International Society for

Magnetic Resonance in Medicine (ISMRM) Annual Meeting in Singapore as Weber C, Wilbur

C, Beaulieu C “High-resolution Fluid-Suppressed Diffusion Tractography Shows Altered Fornix

Volume and Diffusion Metrics in Pediatric Multiple Sclerosis” (Abstract #0117). Chapter 3 of

this thesis has been submitted for publication as Weber C, Wilbur C, Blevins G, Beaulieu C

“Disproportional Smaller Fornix with Altered Microstructure in Pediatric Multiple Sclerosis

Shown by High-Resolution Fluid-Suppressed Diffusion Tractography.”

Chapter 4 is an original contribution to this thesis and has not yet been published

elsewhere.
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1. Introduction

1.1 Multiple Sclerosis

Multiple sclerosis (MS) is an autoimmune disorder characterized by demyelination,

inflammation and neurodegeneration of the central nervous system (CNS), and often results in

long-term physical and cognitive impairments (Ghasemi 2017). Approximately 2.8 million

people worldwide have MS, and 90,000 of which live in Canada, making Canada one of the

leading hotspots of MS in the world, particularly Alberta (MFIS 2020). Most individuals are

diagnosed with MS in adulthood, and twice as many females are diagnosed with MS than males

on average, however children and adolescents account for at least 30,000 of the MS cases around

the world. Pediatric-onset MS (POMS), where MS onset occurs during childhood/adolescence,

accounts for 2-5% of MS cases and is characterized by high rates of disease activity and

disability during critical stages of development (Bigi 2012, Wilbur 2019). Although the

underlying causes of MS are unknown and symptoms vary widely from patient to patient, MS

diagnosis requires evidence of at least one MS attack and visualization of lesions using

conventional magnetic resonance imaging (MRI) that disseminate in time and/or space, with or

without the presence of cerebrospinal fluid (CSF) oligoclonal bands, according to the 2017

McDonald criteria for MS diagnosis (Table 1.1) (Thompson 2018). An MS attack is defined as a

distinct period of new or worsening symptoms, accompanied by a demyelinating inflammatory

event in the CNS. Most individuals are diagnosed with relapsing-remitting MS (RRMS) (above

80%), which is characterized by unpredictable relapses, or attacks, followed by periods of full or

partial remission, although some individuals are diagnosed with progressive subtypes of MS,

including primary and secondary progressive MS (i.e. PPMS and SPMS, respectively), whereby

patients experience a consistent and gradual worsening of symptoms and often
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neurodegeneration (Ghasemi 2017). The Expanded Disability Status Scale (EDSS) is a clinical

score that quantifies the severity of MS for each patient. EDSS ranges from 0 (no disability) to

10 (death from MS) with 0.5 increments, and is based on neurological examination by a

physician (Meyer-Moock 2014). There is no cure for MS, however symptoms can be mediated

using disease-modifying therapies (DMTs), which work to reduce the number of relapses, and

slow disease progression and disability (Edinger 2024).

Table 1.1. 2017 McDonald criteria for MS diagnosis (Thompson 2018)

Number of
attacks/lesions

Diagnosis Criteria

2 attacks≥
2 lesions≥ Diagnosis

2 attacks≥
1 lesion

Lesion disseminates in space Diagnosis→
1 attack
2 lesions≥ Lesion disseminates in time Diagnosis→

1 attack
1 lesion

Lesion disseminates in space/time and CSF oligoclonal bands Diagnosis→
1.2 Conventional Clinical MRI of MS

As mentioned in Section 1.1, the clinical diagnosis of MS requires the use of

conventional MRI scans in order to visualize lesions (Hemond 2018, Thompson 2018).

Conventional scans typically include anatomical T1-weighted scans, with and without contrast

(i.e. Gadolinium), and T2-weighted and/or T2 fluid-attenuated inversion recovery (FLAIR) scans

(Figure 1.1) (Hemond 2018). T1 scans can be used to identify pathological processes, such as

demyelination and axonal loss (or brain atrophy), which appear hypointense (i.e. dark) on T1

images. Gadolinium may also be administered intravenously in order to better visualize
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controls, including the precuneus, posterior cingulate cortex, and various regions in the temporal

lobe and precentral cortex (Eshaghi 2018). Total cortical and subcortical GM volumes were

shown to be lower in adults with MS compared to controls even during early stages of disease

(Nygaard 2015).

GM atrophy in adults with MS has also been linked to increased physical and cognitive

impairments, especially GM atrophy of the thalamus, hippocampus, and cerebellum. Many

volumetric MRI studies have correlated thalamic atrophy with a wide range of disabilities in

adults with MS, including cognitive performance (Houtchens 2007, Kern 2015) and fatigue

(Bernitsas 2017). There has been particular interest in examining correlates of thalamic atrophy

because of its close proximity to the lateral ventricles and third ventricle, which become enlarged

in MS and correlate strongly with cognitive impairment, and because of its extensive

connectivity, which make it susceptible to Wallerian degeneration from demyelination and

axonal loss of connecting white matter (WM) (Houtchens 2007, Sinnecker 2020). Adults with

MS showed significantly smaller thalamus (-17%) compared to controls, and thalamic atrophy

strongly correlated with decreased measures of processing speed using the Symbol Digit

Modalities Test (SDMT) and visuospatial memory using the Brief Visuospatial Memory

Test-Revised (BVMT-R) (Houtchens 2007). There have also been strong positive correlations

shown between thalamic atrophy and fatigue scores using the Fatigue Severity Scale (FSS)

(Bernitsas 2017). Whole and regional hippocampus atrophy was also shown to correlate with

worse SDMT and BVMT-R scores, as well as reduced episodic memory, as assessed by the

California Verbal Learning Test-II (CVLT-II), and EDSS, which measures degree of MS severity

(Koenig 2014). A more recent volumetric MRI study also showed relationships between

cerebellar atrophy and physical impairment in adults with MS, including significant positive
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correlations between cerebellar cortex volume and walk ratio, which is a measure of coordination

and gait control (Kalron 2020). Higher cerebellar lobule volume has been shown to correlate

with improved motor and cognitive function in adults with MS, as measured by a variety of

walking tests and the SDMT (Fritz 2022). Additionally, most total/regional GM volumes have

been shown to decline with age in MS, which is further discussed in Chapter 4.

1.3.2 DTI Studies and Correlates in Adult-Onset MS

Diffusion tensor imaging (DTI) has been used to detect and quantify microscopic injury

in MS in otherwise normal-appearing brain tissue, particularly WM. Studies have consistently

shown abnormal diffusion metrics, namely increased mean diffusivity (MD) and reduced

fractional anisotropy (FA) in MS lesions and normal-appearing WM (NAWM) in adults with MS

compared to controls (Filippi 2001, Caranova 2023). A voxel-based DTI analysis found that

these abnormal diffusion metrics were even more pronounced in progressive MS subtypes,

possibly reflecting a greater degree of axonal injury (Preziosa 2011). Increased axial (AD) and

radial (RD) diffusivities have also been reported in NAWM in adults with MS compared to

controls, which may specifically reflect axonal loss and demyelination, respectively (Klistorner

2016). Tract-based spatial-statistics (TBSS) have identified abnormal diffusion metrics in most

NAWM tracts in adults with MS, notably the corpus callosum, corticospinal tracts, cingulum,

optic radiation, inferior longitudinal fasciculus, and fornix, which were found to correlate with

greater disease duration and clinical disability (Huang 2018, Roosendaal 2009), as well as

physical disability and reduced cognition (Welton 2015), including reduced performance on the

SDMT (Yu 2011). DTI tractography has identified similar abnormal diffusion metrics in most

NAWM, including the fornix, cingulum, uncinate and longitudinal fasciculus (Fink 2010, Syc

2013, Kern 2015, Keser 2017). DTI tractography abnormalities were shown to correlate with
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lower cognitive function as measured by the Paced Auditory Serial Addition (PASAT-3), but not

physical disability as measured by the Timed 25-Foot Walk (T25FW) (Syc 2013), as well as

cognitive impairment (Keser 2017), processing speed as measured by the SDMT (Kern 2015),

and other memory processes as measured by the CVLT (Fink 2010).

Recently, our lab’s DTI tractography study identified marked volume and diffusion

abnormalities of the fornix in adult MS, including reduced volume and FA, and higher MD and

RD compared to controls, which were more extensive than changes to the other WM tracts

analyzed (i.e. cingulum and uncinate fasciculus), and were similarly affected across all MS

subtypes (i.e. RRMS, PPMS, SPMS) (Valdés Cabrera 2020). Fornix volume and left fornix FA

were also shown to correlate negatively with total lesion volume (TLV), suggesting a

relationship between MS lesions and fornix integrity. However, the main limitation was the lack

of CSF-suppression, which may have altered fornix tractography and DTI metrics by partial

volume effects from rapid, isotropic CSF in the ventricles where the fornix is located, which also

contributes to the diffusion metrics per voxel. The lack of CSF-suppression may have made

fornix tractography and DTI metrics prone to errors, and therefore more difficult to interpret.

Further, MS periventricular lesions are common and implicate the role of harmful inflammatory

factors that may be contained in CSF, where the fornix is located (Ghasemi 2017). DTI fornix

tractography improved with the use of high-resolution fluid-attenuated inversion recovery

(FLAIR) DTI, which suppresses confounding CSF and reduces deleterious partial volume effects

that arise because of the small tract size of the fornix and its location within CSF (Concha 2005)

(Figure 1.3). FLAIR-DTI has shown significant volume and diffusion abnormalities of the

fornix in adults with MS compared to controls, including lower tract volume and FA, and higher

MD, AD and RD, which were most affected in those with cognitive impairment and greater than
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other losses in WM and GM (Valdés Cabrera 2022). SDMT was also shown to correlate

positively with fornix FA, and negatively with fornix MD and RD. Additionally, fornix volume

showed a negative linear relationship, FA showed no relationship, and MD, AD and RD showed

positive linear relationships with age (32-71 years). Fornix volume/diffusion metric relationships

with age in MS are further discussed in Chapter 4. Others have also found that fornix FA and RD

correlated with cognitive impairment in adult MS, measured using the SDMT and other working

memory tests (Keser 2017). Further, fornix volume/diffusion metrics in adults with MS have

been shown to correlate with multimodal cognitive impairment (Keser 2018), poorer verbal

memory performance (Kern 2012), episodic memory performance measured using BVMT-R and

processing speed measured using SDMT (Koenig 2014), and lower CVLT scores (Dineen 2012).

See Figure 1.2 for a summary of some published fornix DTI studies in adult MS. Interestingly,

hippocampus volume was not shown to be significantly different between adult MS and control

groups, and abnormal diffusion metrics were only shown for hippocampus in the cognitively

impaired MS group, suggesting that microstructural hippocampus injury precedes atrophy and

results from direct injury to connected fornix WM (Valdés Cabrera 2022).

Fewer DTI studies have examined normal-appearing GM (NAGM). High-resolution (1

mm isotropic) DTI showed that compared to controls, adults with MS had higher MD, and lower

volume and FA across the whole hippocampus, which correlated with greater physical fatigue

(Valdés Cabrera 2023). Relative to controls, adults with MS also showed elevated MD and

reduced FA in normal-appearing cortical, but not deep GM, suggestive of microstructural MS

injury from inflammation, demyelination and/or Wallerian degeneration (Zhou 2010).

Normal-appearing cortical GM diffusion abnormalities were also associated with poorer clinical
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Figure 1.3. Fornix DTI Tractography without CSF-suppression (left) and with CSF-suppression
(right), adapted from Concha 2005. Fornix tractography improved with high-resolution, FLAIR
DTI, which reduces CSF partial voluming.

1.4 MRI Studies in Pediatric-Onset MS

1.4.1 Volumetric MRI and Correlates in Pediatric-Onset MS

Similar to adult MS, children/adolescents with MS have shown gray matter atrophy

across many cortical and subcortical regions compared to controls that progress over time,

including the thalamus, hippocampus, insula, caudate, putamen, amygdala, cerebellum, cingulate

cortex, and various areas of the frontal, parietal, temporal, occipital lobes (De Meo 2019) and

globus pallidus (Aubert-Broche 2011). GM atrophy was shown to correlate positively with

EDSS, notably the thalamus, caudate, precuneus, and frontal lobe regions (De Meo 2019).

Further, premorbid intelligence correlated positively with cingulate cortex, thalamus, cerebellum,

and regional frontal, parietal and temporal lobe volumes (De Meo 2019). Interestingly, pediatric

MS has shown inconsistent results regarding hippocampus and thalamus atrophy, compared to
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controls. Pediatric MS patients have shown reduced amygdala and thalamus, but not

hippocampus volume (Fuentes 2012), although they had similar memory performance as

controls. Conversely, reduced global and regional hippocampus volumes have been shown in

pediatric MS patients compared to controls, but only regional hippocampal atrophy correlated

with clinical measures, namely reduced attention and language abilities (Rocca 2016a).

Additionally, cognitively impaired MS showed regional hippocampal reductions compared to

MS that were not cognitively impaired.

Similar to adult MS, one pediatric MS study was interested in studying thalamic atrophy

because of its interfaces with perivascular WM MS lesions and the ventricles, containing CSF

with MS inflammatory factors (Fadda 2019). The study found that relative to controls, pediatric

MS patients displayed a surface-in gradient of thalamic atrophy on the ventricular side, which

was evident early on in the disease course and progressed over time. However, it was also shown

that GM atrophy was restricted to the thalamus in pediatric MS and had no correlations with

disease duration or disability, although this may have reflected the fact that the thalamus is one

of the first structures affected in MS (Mesaros 2008). This is supported by findings from an older

cohort of patients and found that compared to controls, pediatric MS patients had smaller

hippocampus, amygdala and thalamus volumes, and that hippocampus and thalamus volumes

correlated positively with episodic memory performance (Fabri 2021). No difference in total GM

volume between pediatric MS and controls was also shown, but pediatric MS showed reduced

total WM (Bartels 2019). Regional cerebellar volume, specifically the posterior lobe, has also

been correlated negatively with cognition, notably worse performance on the SDMT in pediatric

MS (Weier 2016). See Appendix A for a summary of children/adolescent POMS volumetric

studies.
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1.4.2 DTI Studies and Correlates in Pediatric-Onset MS

DTI has also detected diffusion abnormalities in a wide range of WM tracts in pediatric

MS that are indicative of microstructural injury. Region-of-interest (ROI) and tract-based DTI

analyses have shown that relative to controls, pediatric MS patients had higher MD and lower FA

in all WM tracts examined, even in NAWM, including the corpus callosum, posterior limb of

internal capsule, cerebral peduncle, long association fibers (i.e. superior longitudinal, inferior

fronto-occipital, and uncinate fasciculus) (Vishwas 2010, Vishwas 2013). ROI DTI showed that

greater lesion volume correlated with reduced FA in pediatric MS corpus callosum and

hemispheric NAWM, as well as greater FA with better visual matching and SDMT performance,

and no correlations with EDSS (Bethune 2011). Similarly, correlations have been found between

corpus callosum FA and math performance in pediatric MS (Till 2011b). ROI DTI also showed

elevated RD and reduced AD in early-onset pediatric MS NAWM relative to controls (Tillema

2012). Probabilistic DTI tractography also consistently showed that compared to controls, very

early-onset pediatric MS patients (<12 years of age) had higher MD and lower FA in NAWM,

including the bilateral superior longitudinal fasciculus and corpus callosum, suggesting early

NAWM injury in MS (Rocca 2016b). These abnormal DTI metrics in POMS appear to worsen

over time compared to controls (Longoni 2017).

Unlike adult MS, only one study has analyzed the fornix in children/adolescents POMS

(Blaschek 2013), presumably because its small structure within the ventricles make it difficult to

measure due to partial voluming from rapid, isotropic diffusing CSF, which contributes to the

diffusion metrics per voxel, and make measurements prone to error. The study mentions the

fornix with elevated MD (Figure 1.4), but it used low spatial resolution, no CSF-suppression,

and a voxel-based analysis, not ideal for measuring the fornix because it did not minimize the
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effects of CSF partial volume (Bach 2014), and the actual MD value was not reported, nor was

volume or other diffusion metrics.

Similar to adult MS, there are few POMS NAGM DTI studies, although one recent study

by De Meo (2021) found that compared to controls, POMS had higher FA of the whole thalamus,

lower FA and elevated MD of thalamic WM, and reduced thalamic volume. These abnormal

diffusion metrics were predominantly located in regions of the thalamus nearby CSF and WM,

suggestive of CSF and WM-mediated microstructural injury that precedes later macroscopic

tissue atrophy. DTI also showed no differences between early-onset pediatric MS and controls in

total NAGM, which provided evidence that GM injury may be restricted to the thalamus in

pediatric MS (Tortorella 2006). See Appendix B for a summary of children/adolescent POMS

DTI studies.

Figure 1.4. Fornix DTI in Pediatric MS. TBSS showing regions with elevated MD in blue,
including fornix region (center), adapted from Blaschek 2013.
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1.5 Pediatric-Onset vs Adult-Onset MS

Pediatric-onset (diagnosed before 18 years of age) versus adult-onset MS (diagnosed

after 18 years of age) studies have shown conflicting results. TBSS showed that adults with

relapsing-remitting POMS had lower FA values across widespread WM regions compared to

both age-matched and disease duration-matched AOMS (Aliotta 2014). Fewer WM regions with

reduced FA were shown for POMS compared to disease duration-matched than age-matched

AOMS, although POMS and disease duration-matched AOMS had higher EDSS and lower GM

volume than age-matched AOMS. However, adult POMS have also shown lower EDSS and

better cognitive scores, with no differences in lesion volume, total GM volume, total WM

volume or WM FA, compared to disease duration-matched AOMS (Bonacchi 2021). Although,

the rate of WM and then GM atrophy became greater in POMS with age compared to disease

duration-matched AOMS.

TBSS and volumetric analyses have shown similar GM volume reductions between early

adult POMS (mean age 25 years old, mean disease duration 10 years) and age-matched AOMS

(mean age 27 years, mean disease duration 4 years) compared to controls, namely for the

thalamus (-8% POMS vs -12% AOMS) and globus pallidus (-10% POMS vs -12%) (Giorgio

2017). POMS and age-matched AOMS also showed similar DTI abnormalities. POMS showed

approximately 20% lower FA in regions of the cerebellum, inferior longitudinal fasciculus,

inferior fronto-occipital fasciculus, forceps major, fornix, posterior corona radiata and middle

frontal gyrus, 28% higher AD in the fornix and posterior corona radiata, and 35% higher RD in

the inferior longitudinal fasciculus, and inferior fronto-occipital fasciculus. Age-matched AOMS

showed approximately 17% lower FA in the cerebellum WM, inferior longitudinal fasciculus,

and inferior fronto-occipital fasciculus, 33% higher AD in the thalamus WM, and 34% higher
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RD in the inferior longitudinal fasciculus, inferior fronto-occipital fasciculus, and fornix. POMS

only showed greater lesion volume and more affected diffusion metrics relative to controls than

age-matched AOMS in the posterior corona radiata. Conversely, older adult POMS (mean age 39

years) showed reduced TBV, total GM, and deep GM volume (i.e. thalamus) compared to

age-matched AOMS (Fenu 2018). Similarly adult POMS showed higher lesion volume, and

lower TBV, and total GM volume than age-matched AOMS, but higher TBV and total GM

volume than disease duration-matched AOMS (Donohue 2014). Adult POMS also showed worse

SDMT performance compared to AOMS (McKay 2019).

Compared to children/adolescent POMS (mean age 13 years old), AOMS (mean age 37

years old) showed more cortical lesions, and lower total GM volume baseline, but not after

follow-up (3 years) (Calabrese 2012). However, children/adolescents with POMS have also

shown more lesions at baseline and follow-up scanned compared to AOMS (Waubant 2009), as

well as higher relapse rate compared to disease-duration matched AOMS (Gorman 2009).

Children/adolescent POMS also showed similar lesion volume, but higher GM volume compared

to disease duration-matched AOMS, whereas adult POMS showed no differences in lesion or

WM volume and less progressive MS with lower EDSS, as well as lower GM volumes compared

to disease-duration matched AOMS (Yeh 2009).
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1.6 The Limbic System: Fornix

The limbic system includes both cortical (i.e. cingulate gyri, parahippocampal gyri,

entorhinal cortex) and subcortical (i.e. amygdala, septal nuclei, nucleus accumbens, mammillary

bodies, hypothalamus, anterior nucleus of the thalamus, hippocampus, and fornix) structures,

involved in emotion and memory processes (Douet 2014a). The fornix is the main output WM

tract of the hippocampus, which is the primary memory component of the limbic system, so the

fornix has often been studied in relation to memory deficits, particularly episodic memory. The

fornix is a small C-shaped tract (sagittal view) that extends from the posterior of the

hippocampus to the septal area of the brain and the hypothalamus. The fornix is divided into two

fimbria, each of which extend posteriorly from a small section of WM along the ventricular

surface of the hippocampus called the alveus and each become a crus (Choi 2021). The crura

then merge together and curve both superiorly and anteriorly to form the fornix commissure and

then fornix body, which forms beneath the septum pellucidum, and finally converges into two

columns that curve inferiorly towards the anterior commissure and ends at the mammillary

bodies (Figure 1.5).

The fornix is part of what was originally referred to as the Papez circuit, first described

by James Papez in 1937, and includes the hippocampus, mammillary bodies of the

hypothalamus, thalamus, cingulate gyrus, and parahippocampal gyrus (Papez 1995). The Papez

circuit is a major limbic system pathway involved in memory and emotion, and travels through

the hippocampal formation (subiculum), fornix, mammillary bodies of the hypothalamus,

mammillothalamic tract, anterior thalamic nucleus, cingulum, entorhinal cortex, and then back to

the hippocampus (Kamali 2023). Later iterations of the circuit have also proposed connections

with other brain regions and structures, including the prefrontal cortex, septum, and amygdala.
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indicative of demyelination and axonal loss in NAWM, as well as virtually identify WM tracts

with diffusion tractography to output volume, so it has become a powerful tool for studying

demyelinating, inflammatory and neurodegenerative diseases like MS.

1.7.1 MRI Basics

MRI takes advantage of nuclear magnetic resonance (NMR) principles, by imaging water

molecules in the body, specifically the hydrogen protons (1H). This is possible using three

distinct steps. First, protons are polarized by applying a strong, uniform magnetic field (B0),

which causes a small surplus of them to align in the direction of the lowest energy state (i.e.

parallel to B0), producing a net equilibrium magnetization vector (M0) along the longitudinal

plane (in equilibrium state Mz=M0). Next, a time-varying excitation radiofrequency (RF) pulse

(B1) is applied at the same frequency as the Larmor frequency ( ) of hydrogen (i.e. = B0ω0 ω0 γ
whereby is the unique gyromagnetic ratio (MHz/Tesla) of hydrogen and B0 is the field strengthγ
of the scanner in Tesla or T), which disrupts proton alignment and causes M0 to tip away from B0

and the longitudinal plane, and into the transverse plane. The rotating net transverse

magnetization (Mxy) now precesses in the transverse plane at Larmor frequency, which produces

a detectable and measurable signal, referred to as the free induction decay (FID), by creating an

oscillating magnetic field that induces current in a receiving RF coil. Signal decay occurs when

the RF pulse is turned off and excited protons return back to their equilibrium state through T1

and T2 relaxation. T1 relaxation, also called “longitudinal” or “spin-lattice” relaxation, refers to

when excited protons return to Mz due to the loss of energy to their surrounding environment,

whereas T2 relaxation, also called “transverse” or “spin-spin” relaxation, is the decay of Mxy

because of gradual dephasing of excited protons perpendicular to B0. Different MRI sequences
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(i.e. flip angles, RF pulses, gradients, time between excitation RF pulses or repetition time (TR),

and time between the excitation RF pulse and measurement of the signal or echo time (TE)) yield

different image contrast depending on the instrinsic T1 and T2 relaxation times of various

tissues. Gradient coils are then used to create linear variations in the magnetic field (i.e. in the X,

Y, and Z directions), which are used to encode proton spatial information that a computer console

uses to produce the MR image (i.e. through reverse Fourier transform of the signal frequency

domain (k-space) to the image domain).

1.7.2 Diffusion MRI

Diffusion MRI is another way to get MR image contrast (i.e. Diffusion Weighted Imaging

or DWI) using the diffusion of water molecules within each voxel. Free diffusion is the random

motion of molecules (i.e. Brownian) due to thermal energy, and can be described with the

following Einstein equation [1], which shows the relationship between the mean squared

displacement of water molecules, diffusion coefficient ( ) and diffusion time (t).𝐷
[1] 𝐷𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡2 = 2𝐷𝑡

That being said, the diffusion of water molecules is hindered by cellular structures in

tissues of the body (i.e. by cell membranes), which means that diffusion can sample, or make

inferences about cellular micro-structure. This measurement is referred to as the apparent

diffusion coefficient (ADC), which will be discussed in greater detail later on. For example, the

diffusion of water molecules can have a similar displacement in all directions (i.e. isotropic),

which is characteristic of CSF, or it can be directional (i.e. anisotropic), which is characteristic of
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WM because of barriers created by myelin and cell membranes that causes water molecules to

diffuse further along the length of axons (Beaulieu 2002).

DWI utilizes a pulsed gradient spin echo (PGSE) MRI sequence with “dephasing” and

“rephasing” gradients, which was first described by Stejskal-Tanner in 1965 (Stejskal 1965).

Below is a basic schematic representation of a PGSE experiment (Figure 1.7). At first, protons

are aligned with the static magnetic field B0, producing the net longitudinal magnetization, Mz.

Next, a 90o excitation RF pulse is applied, which tips Mz into the transverse plane so that there is

a detectable signal (net transverse magnetization, Mxy). Mxy is then dephased by a diffusion

encoding “dephasing” gradient because of the linear variations in the magnetic field created by

the gradient, which causes some protons to precess faster/slower than others. A 180o RF pulse is

then applied to refocus dephased spins (i.e. from magnetic field inhomogeneities) by flipping

Mxy 180 degrees around the RF axis. Now, an equal, but opposite diffusion encoding “rephasing”

gradient is applied to Mxy in order to reverse the dephasing caused by the first gradient. If there is

no diffusion, dephasing and rephasing gradients cancel each other out, protons do not accumulate

phase, and no signal is lost. However, if there is diffusion, phase accumulates, and there is signal

loss.
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Further, signal intensity can be plotted against b-value (minimum two b-values including

b=0) to yield the ADC (i.e. the slope) using the equation [3] below.

[3] 𝑆𝑖𝑔𝑛𝑎𝑙 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 =  𝑒𝑥𝑝(− 𝑏 * 𝐴𝐷𝐶)
Essentially, [1] and [3] show that as diffusion gradient magnitude or duration increases,

or the time interval between gradients increases, the sequence becomes more sensitive to

diffusion (i.e. the b-value increases), and more signal is lost (i.e. less signal intensity or darker) in

the DWI. In regards to the brain, areas with a high ADC (i.e. high diffusion), such as CSF, will

appear bright on an ADC or mean diffusivity map, but dark on a DWI. The direction of the

diffusion gradients is also important as the use of different diffusion gradient directions enables

the measurement of diffusion coefficients along various axes. The direction of the diffusion

gradient is essentially a snapshot of the diffusion happening in that direction. For example, if the

diffusion gradient is aligned along a WM tract, it is most sensitive to the fastest direction of

diffusion, so there will be less signal (i.e. appear darker) in the DWI. Diffusion gradient

directions are discussed more in Section 1.7.3.

Additionally, a 180o inversion pulse can be applied at the beginning of the PGSE

diffusion sequence to obtain fluid-attenuated inversion recovery (FLAIR) (Figure 1.8). By

implementing a specific inversion time (TI), the signal of CSF will be nulled, as there will be no

net transverse magnetization (Mxy) for CSF since the 90 degree RF pulse is applied when the

longitudinal magnetization (Mz) is zero for CSF. For example, the estimated T1 relaxation value

of CSF at 3T (4500 ms) (Bojorquez 2017) and TR (i.e. 9000 ms) can be substituted into equation

[4] (Bernstein 2004) to solve for TI of CSF (i.e. approximately 2550 ms, which is consistent with
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The downsides of using an inversion recovery pulse before DTI are that it increases the

scan time (i.e. by adding TI per slice per b-value/direction), and loses brain signal (i.e. the net

longitudinal magnetization Mz for brain tissues does not fully recover to its full value at the TI

needed to null CSF). The latter results in lower signal-to-noise ratio (SNR), which must be

increased by using more averages and/or more diffusion directions (i.e. SNR is proportional to

the square root of the number of averages). FLAIR-DTI is utilized in the remaining chapters to

study the fornix because it reduces deleterious partial volume effects that arise due to its location

within the ventricles and confounding CSF (Kwong 1991). Partial voluming from CSF occurs

because of limitations with voxel size, specifically for voxels near the boundaries of brain tissue

and CSF. Since there is not unlimited resolution, voxels near boundaries include both brain tissue

and rapid isotropic diffusing CSF, which also contributes to the mean diffusion metrics for that

voxel. CSF partial voluming can therefore either be minimized using higher resolution and/or

CSF-suppression.

DTI protocols are commonly acquired with single-shot spin-echo-planar imaging

(SS-EPI) because the acquisition is quick and reduces artifacts due to subject motion. In SS-EPI,

a single excitation pulse is applied, followed by multiple rapidly oscillating gradient echos to

acquire an entire slice in a single shot (i.e. samples multiple echos per excitation). Additional 2D

slices are acquired by repeating the spin echo diffusion sequence per slice. As an aside, the slice

thickness is determined by the slice excitation RF pulse/gradient. The use of SS-EPI to reduce

acquisition time is especially needed for diffusion MRI protocols, which can otherwise be quite

lengthy due to the application of diffusion gradients that take up additional time (i.e. gradient rise

times and time for protons to diffuse). However, acquiring in a single-shot and having a long EPI

train of echoes limits the spatial resolution, which is defined by the field-of-view divided by the
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matrix (i.e. number of phase encode blips in one axis and number of frequency encode points per

echo). Another limitation is that a long echo train increases TE, which leads to signal loss and

blurring as the transverse magnetization (Mxy) decays during the acquisition. SS-EPI is also

accompanied by Eddy current distortions from EPI gradients that are switched on and off rapidly,

and the strong diffusion gradients. Eddy currents, or electrical currents, are induced by rapidly

changing magnetic fields from imaging gradients (i.e. Faraday's law), which in turn produce

time-varying gradients and change the static magnetic field (B0). Eddy current distortions, and

other artifacts from noise, Gibbs ringing, subject motion, and field inhomogeneities can be

corrected for using post-processing, which is discussed in Section 2.4. Susceptibility artifacts can

also arise, particularly between tissue-air interfaces as a result of differences in magnetic

susceptibilities ( ), which alter the static magnetic field (B0) and Lamor frequency ( ). Theseχ ω0
changes result in spatial mismapping and areas with much higher and lower signal than expected,

and distortions.

Encouragingly, shorter acquisition time, less artifacts, and reduced blurring can be

achieved using Parallel imaging, and reduces TE due to less data points being acquired, which

minimizes SNR loss from T2 relaxation. Parallel imaging can acquire less k-space (i.e. phase

encoding steps) by using the data from an array of receiver coils (i.e. standard 64 channel

head/neck RF coil has 64 receiver coils). Typically, acquiring less k-space results in less spatial

frequencies to construct the image, and subsequent reduced field-of-view and aliasing, however

parallel imaging is able to correct for aliasing so that this is not an issue. Specifically,

GeneRalized Autocalibrating Partially Parallel Acquisitions (GRAPPA) was used for the DTI

protocol in this thesis, which corrects data in the k-space frequency domain before reverse

Fourier transform to the image domain. The DTI protocol used in this thesis also did not acquire
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full brain coverage, but a “slab” surrounding the fornix region. This reduces the TR and scan

time, allowing for the collection of more averages and/or diffusion directions per slice (i.e.

increased SNR) because fewer slices are acquired in a given scan time.

1.7.3 Diffusion Tensor Model

The diffusion tensor model can measure the diffusion of water within each voxel (i.e.

volume pixel of a MR image) three-dimensionally (Basser 1994), which is important because the

diffusion of water in biological tissue will likely not be the same in all directions (i.e. the brain

has many fibre directions/orientations). The model describes diffusion tensor, D, which is a

symmetric, positively defined matrix that contains (minimum) six diffusion coefficients, each of

which measure diffusion along a different principle axis (i.e. x, y, z) or a combination of axes

(Figure 1.9). Following a mathematical process called eigendecomposition, the diffusion tensor

matrix, D, yields three eigenvalues ( , , ) and three main eigenvectors ( , , ). Theλ1 λ2 λ3 ε1 ε2 ε3
eigenvalues represent magnitude of diffusion (i.e. is the diffusion coefficient along/parallel toλ1
tracts, and are the diffusion coefficients across/perpendicular to tracts), and eigenvectors giveλ2,3
the direction/axis of diffusion. Together, the eigenvalues and eigenvectors describe a diffusion

tensor ellipsoid per each voxel, which may be more or less isotropic/anisotropic. The diffusion

coefficient values for each voxel are estimated by applying a minimum of six different diffusion

sensitive gradient directions, acquiring each of their DWIs (in addition to the b=0 DWI), and

then solving the adapted Stejskal-Tanner equation (Stejskal 1965) [7].

[7] ( )𝑆𝑖𝑔𝑛𝑎𝑙 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 = 𝑆0 𝑒𝑥𝑝 −𝑏𝐺𝑇 𝐷𝐺

26





1.7.4 DTI Metrics

The diffusion tensor eigenvalues can be used to yield a variety of DTI metrics that may

be sensitive to MS pathologies. Mean Diffusivity (MD) is derived from equation [5]. MD (mm2/s)

is the average of all three eigenvalues so it represents the overall diffusion of water within a

voxel without regard to direction (Concha 2014). Elevated MD can be indicative of more “free”

water space due to the loss of membranes (i.e. myelin, axon density) from MS lesions (Filippi

2001, Concha 2014)

[5] 𝑀𝐷 = λ1+λ2+λ33
Fractional Anisotropy (FA) is derived from equation [6]. The scalar value of FA for each

voxel can vary from 0 (i.e. fully isotropic; the diffusion of water is the same in all directions) to 1

(i.e. fully anisotropic, the diffusion of water is in one direction). The FA value for each voxel of a

directionally encoded colour FA map is determined by the primary eigenvector (i.e. fastest

diffusion direction) of the voxel, which alters the diffusion ellipsoid (i.e. more isotropic or

anisotropic) (Pajevic 1999). Lower FA may be indicative of more “free” water space due to the

loss of membranes (i.e. myelin, axon density) from MS lesions (Filippi 2001, Concha 2014).

[6] 𝐹𝐴 = 12 (λ1−λ2)2+(λ2−λ3)2+(λ3−λ1)2
λ12+λ22+λ32
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Axial Diffusivity (AD) is denoted by the primary eigenvalue [7]. AD (mm2/s) isλ1
sensitive to the diffusion of water that is along or parallel to a tract within each voxel, but may be

uniquely sensitive to axonal injury (i.e. AD decreases due to axon membrane collapse) or loss

(i.e. AD increases due to more extracellular space from MS lesions) (Song 2002, Song 2003,

Concha 2006, Klistoner 2018).

[7] 𝐴𝐷 =  λ1
Radial Diffusivity (RD) is derived from equation [8]. RD (mm2/s) is sensitive to the

diffusion of water that is across or perpendicular to a tract within each voxel, and may be

sensitive to demyelination (i.e. increased diffusion perpendicular axons due to a lack of myelin)

(Song 2002, Song 2003, Concha 2006, Klawiter 2011, Klistoner 2018).

[8] 𝑅𝐷 = λ2+λ3( )2
DTI maps can be constructed (i.e. for MD, FA, AD, and RD) now that the metrics have

been calculated for each voxel (Figure 1.10).
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1999, Tournier 2011). The orientation of the primary eigenvector ( ) and associated eigenvalueε1
of each voxel’s diffusion ellipsoid represents the dominant fiber orientation within that(λ1)

voxel. The voxels are then connected to adjacent voxels based on the continuation of a similar

fiber orientation until there is an abrupt change or certain assigned thresholds are not met

(Figure 1.11). It is important to note that deterministic tractography was used in the remaining

chapters, which assumes only one fiber orientation per voxel (i.e. the primary eigenvector/value

from the diffusion tensor model), and utilized thresholds for FA and turning angle between

adjacent voxel ellipsoids to determine whether fiber propagation was continued or terminated

(thresholds are discussed further in Chapter 2). For example, if a voxel has an FA value below

the set threshold or the turning angle between adjacent ellipsoids is too sharp, fiber tracking will

terminate (i.e. no longer considered the same streamline or tract). Additionally, the brain was

seeded so that only voxels with FA values over a set threshold (i.e. WM) were “seed” regions of

interest (ROI), followed by a series of “AND” (i.e. include) and “NOT” (i.e. exclude) ROIs to

3D reconstruct the fornix and eliminate all other unwanted streamlines (see Section 2.4 for an

outline of specific steps). As such, tractography requires a deep anatomical understanding of the

tracts being analyzed. After 3D reconstruction of the WM tract, volume and average diffusion

metrics (i.e. FA, MD, AD, RD) may be obtained from the whole tract.

Tractography has advantages over other diffusion MRI analyses shown in WM like

manual ROI placements on 2D slices and voxel-based analyses like TBSS. Tractography can

yield a 3D reconstruction of an individual WM tract and therefore output tract volume, and

allows for anatomical variation (shape and location) between subjects (i.e. it does not require

spatial normalization to a population template brain). Tractography also takes into account

directional information in order to distinguish between neighboring tracts (Bach 2014), which
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1.8 Thesis Motivation

Quantitative MRI has shown marked volume reductions and abnormal diffusion metrics

in pediatric and adult MS NAWM, which are not detectable by conventional MRI and that are

associated with physical and cognitive impairments. Although much of the focus has been on

major white matter tracts, the fornix has also been implicated in many of the DTI studies

mentioned earlier. Previously, our lab improved fornix diffusion tractography by using

high-resolution, FLAIR-DTI (Concha 2005), which later showed marked fornix

volume/diffusion metric abnormalities that were most affected in MS patients with cognitive

impairment, and were greater than losses in other WM and GM volumes in adult MS (Valdés

Cabrera 2022). As such, the fornix appears to be an important brain region affected in MS, and

also plays an important role in memory and other cognitive functions in healthy aging. However,

high-resolution, FLAIR-DTI has not been applied to study the fornix in children/adolescents

with POMS, which would provide evidence that the fornix is affected early on in the disease

course. Additionally, the fornix has only been studied in MS across ages 32-71 years old

compared to controls, not in children/adolescents to elderly subjects, which would provide

information about how the fornix is changing over the disease course of MS, relative to the

healthy lifespan, especially compared to other total/region brain volumes that have been shown

to decline with age in MS.

These applications may improve our understanding of the fornix in regards to its role in

disability and disease progression, and the mechanisms of disease in MS. To our knowledge,

only one POMS DTI study in children/adolescents mentions the fornix with elevated MD

(Blaschek 2013), however it used suboptimal methodology for measuring the fornix and did not

report the actual MD value, volume or other diffusion metrics, which is possible using DTI

33



tractography. Additionally, no studies have analyzed the fornix in MS across the “lifespan”

compared to controls (or the healthy lifespan with our lab’s improved techniques). It was

hypothesized that fornix volume/diffusion metrics in POMS would be affected similarly relative

to controls as in the adult MS study using the identical protocol, and that fornix volume/diffusion

abnormalities would be shown for MS relative to healthy controls across age.
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2. Methods

This chapter provides comprehensive information about the materials and methodologies used in

Chapters 3 and 4.

2.1 Participants

This study included 42 participants diagnosed with MS that were recruited from the

pediatric neuroinflammatory registry and University of Alberta Neurosciences Clinic, and 103

healthy controls chosen with a similar age/sex distribution from a previous normative study

using an identical MRI protocol. There were 16 POMS diagnosed with MS before 18 years of

age and 26 AOMS, which together included 34 RRMS, 5 SPMS, 2 PPMS, and 1 benign MS (i.e.

RRMS with no attacks or symptoms for several years). The inclusion criteria for the MS cohort

was a diagnosis of MS according to the 2017 McDonald criteria. The study excluded those with

medical diagnoses other than MS that were expected to impact MRI or cognitive testing or with

known clinical relapses at the time of the MRI scan or within 30 days of the study visit. Most

(35/42) MS were on disease modifying therapies (rituximab, ocrelizumab, fingolimod,

ofatumumab, dimethyl fumarate, interferon beta-1a, and natalizumab), 19/42 MS had diagnosed

depression/anxiety and were on various antidepressant medications, and 5/42 MS had diagnosed

attention deficit hyperactivity disorder (ADHD) and were taking ADHD medications. All 145

participants provided written informed consent (or parental consent and assent if under 16 years

of age) and the study was approved by the University of Alberta Research Ethics Board. It is

important to note that the adult MS participants here do not overlap with a previous study from

our lab (Valdés Cabrera 2022).
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Chapter 3 included 11 child/adolescent POMS (all RRMS) that were recruited from the

pediatric neuroinflammatory registry and the University of Alberta Neurosciences Clinic, and 26

healthy controls chosen with a similar age/sex distribution from a previous normative study

using an identical MRI protocol. The inclusion criteria for the POMS cohort were as follows:

diagnosis of MS according to the 2017 McDonald criteria, disease onset prior to 18 years of age,

and under 20 years of age at the time of MRI scan. The exclusion criteria included no POMS

participants with medical diagnoses other than MS or with known clinical relapses at the time of

the MRI scan or within 30 days of the study visit. All 11 POMS participants were on disease

modifying therapies (ocrelizumab, rituximab, and fingolimod). Three POMS participants had

diagnosed depression/anxiety and were on various antidepressant medications. Two POMS

participants had diagnosed attention deficit hyperactivity disorder (ADHD) and were taking

ADHD medications. The demographic and clinical data are summarized in Table 2.1.

Chapter 4 included all 42 MS and 103 controls. The demographic and clinical data are

summarized in Table 2.2.
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Table 2.1: Demographics, cognitive/clinical scores, and total lesion volume for age/sex matched
controls and POMS with range, mean, and standard deviation.

Controls (n=26) POMS (n=11)

Sex (M/F) 3/23 1/10

Age (years) 12-20
16.9 +/- 2.2

13 - 19
17.5 +/- 1.9

Time since MS onset (years) - 1.1 - 8.0
3.2 +/- 2.1

Expanded Disability Status
Scale, EDSS

- 0 - 4
1.4 +/- 1.6

Pediatric Fatigue (z-score) - -0.3 - 2.2
0.9 +/- 0.9

Beck’s Depression
Inventory-II, BDI-II

- 3 - 41
14 +/- 13

Symbol Digit Modalities Test,
SDMT (z-score)

- -5.3 - 3.2
-1.1 +/- 2.3

Brief Visuospatial Memory
Test-Revised, BVMT-R (total
recall) (z-score)

- -0.5 - 2.6
1.0 +/- 1.1

Total Lesion Volume, TLV
(cm3)

- 0.05 - 51.9
11.7 +/- 15.3
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Table 2.2: Demographics, clinical scores, and total lesion volume for age/sex matched controls
and MS with range, mean, and standard deviation.

Controls (n=103) MS (n=42)

Sex (M/F) 27/76 10/32

Age (years) 12 - 65
33 +/- 15

13 - 63
34 +/- 15

Time since MS onset (years) - 1 - 31
11 +/- 9

Expanded Disability Status
Scale, EDSS

- 0.0 - 8.5
3.0 +/- 2.2

Pediatric Fatigue (raw score) - 12 - 36
23 +/- 8

Modified Fatigue Impact
Scale, MFIS

- 9 - 77
43 +/- 18

Beck’s Depression
Inventory-II, BDI-II

- 1 - 43
15 +/- 11

Symbol Digit Modalities Test,
SDMT (raw score)

- 19 - 95
54 +/- 18

Brief Visuospatial Memory
Test-Revised, BVMT-R (total
recall) (raw score)

- 3 - 34
27 +/- 7

Timed 25-Foot Walk, T25FW
(average of 2 trials, seconds)

- 3.1 - 7.8
4.5 +/- 1.1

Nine-Hole Peg Test, 9HPT
(average of 4 trials, seconds)

- 16.3 - 43.6
22.8 +/- 5.6

Total Lesion Volume, TLV
(cm3)

- 0.04 - 55.7
12.1 +/- 14.7

EDSS not obtained from one adult RRMS; BDI-II not obtained from one pediatric-onset adult RRMS; BVMT-R not
obtained from one adult SPMS; T25FW and 9HPT not obtained from five POMS and 15 adult MS (8 RRMS, 5
SPMS, 2 PPMS)
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2.2 Cognitive Assessment

Cognitive and clinical tests were administered by a trained user (author CW) and MS

neurologists from the University of Alberta, respectively. Tests included: Expanded Disability

Status Scale (EDSS) for overall MS disability, Pediatric Fatigue (Neuro-QOL Item Bank v.2.1)

for POMS fatigue, Modified Fatigue Impact Scale (MFIS) for AOMS fatigue, Beck’s Depression

Inventory-II (BDI-II) for depression, Symbol Digit Modalities Test (SDMT) to measure

processing speed, and Brief Visuospatial Memory Test-Revised (BVMT-R) to test visuospatial

memory (only total recall score). See Appendix C for the cognitive/clinical test versions used.

Pediatric Fatigue, SDMT, and BVMT-R scores were converted to standardized z-scores

in Chapter 3 based on the 2021 Neuro-QOL Scoring Manual (Version 3.0) and pediatric norms

(Smerbeck 2011). Cognitive/clinical test scores are summarized in Table 2.1

Chapter 4 also included the timed 25-Foot Walk (T25FW) for mobility, and Nine-Hole

Peg Test (9HPT) for dexterity, which were implemented partway through the study.

Cognitive/clinical test scores are summarized in Table 2.2

2.3 MRI Protocol

Participants were scanned on a 3T Siemens Prisma MRI with a 64 channel head/neck RF

coil. A whole-brain 3D T1-weighted magnetization-prepared rapid acquisition gradient echo

(MPRAGE) was acquired using the following parameters: 0.9 mm isotropic voxels, TR 1800 ms,

TE 2.37 ms, and total scan time 3.7 minutes. Whole-brain 3D sampling perfection with

application optimized contrasts using different flip angle evolution (SPACE) FLAIR was

acquired with 1.2 mm isotropic voxels, TI 1800 ms, TR 5000 ms, TE 385 ms, and total scan time
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3.1 minutes. The FLAIR-DTI protocol was the same as used in the previous adult MS study

(Valdés Cabrera 2022): 2D SS-EPI, 35 2 mm transverse slices centered for fornix coverage

(Figure 2.1), 1.2x1.2 mm2 zero-filled to 0.64x0.64 mm2 interpolated in-plane resolution,

GRAPPA R=2, phase partial Fourier 6/8, TI 2300 ms, TR 9000 ms, TE 70 ms, 5 b=0 and 20

b=1000 s/mm2, and total scan time 4.2 minutes.

Figure 2.1. Fornix “slab” coverage shown on sagittal MPRAGE. 35 2 mm transverse slices
centered for fornix coverage, with the top slice positioned just above the corpus callosum.

The scans below were also acquired in all 42 MS and all 103 controls (except the FLAIR, DIR,

and coronal T2), but not analyzed for the purpose of this thesis.

I. HIPPO-DTI slab for hippocampus coverage, acquired over 20 slices with 1 mm3

isotropic voxels, TR 2900 ms, TE 74 ms, 10 b0 and b=500 s/mm2 (10 directions, 10

averages), and total scan time 5.5 minutes

II. T2-weighted axial slab for hippocampus coverage, acquired with 0.5x0.5x1 mm3 voxels,

TR 5440 ms, TE 52 ms, and total scan time 4.7 minutes
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III. 3D whole-brain DTI, 90 slices acquired with 1.5 mm isotropic voxels (zero-filled

in-plane to 0.75x0.75 mm2), TR 4700 ms, TE 64 ms, 6 b0, 30 b=1000 s/mm2, 30 b=2000

s/mm2, and total scan time 6 minutes

IV. Whole-brain SPACE Dual Inversion Recovery (DIR), 160 slices acquired with

1.0x1.0x1.2 mm3 voxels, TR 7500 ms, TE, 327 ms, TI1 3000 ms, TI2 450 ms, and total

scan time 6.24 minutes

V. T2-weighted Turbo Spin Echo (TSE) coronal slab, 70 slices acquired with 0.5x0.5x1.0

mm3 voxels, TR 9550 ms, TE 52 ms, and total scan time 7.4 minutes.

Oscillating-gradient spin-echo (OGSE) (TE 108 ms, b400 s/mm2), Pulsed-gradient

spin-echo (PGSE) (TE 90 ms, b400 s/mm2) and four FWF sequences/scans were also obtained

from 32/42 MS partway through the study.

2.4 MRI Analysis

MPRAGE brain volumes and SPACE FLAIR total MS lesion volumes were measured

using the volBrain and lesionBrain pipelines, respectively, offered through the online volBrain

platform for MRI brain analysis (Manjón 2016, Coupé 2018). The volBrain pipeline denoises

MPRAGE images using a non-local means (NLM) filter, corrects for inhomogeneity and

registers images to the Montreal Neurological Institute (MNI) space, normalizes image intensity,

and then performs non-local intracranial extraction (NICE) to yield intracranial cavity (ICC)

masks (i.e. WM, GM, CSF) (Manjón 2016). Mean intensity values are estimated for each tissue,

followed by a non-local automatic brain hemispheric segmentation (NA2BS) that segments WM

and GM into five regions (i.e. left and right cerebrum, left and right cerebellum, brainstem), and
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then a non-local subcortical structure segmentation. The volBrain pipeline yielded segmented

total and region brain volumes (cm3) including: WM, GM, CSF, total brain volume (TBV),

cerebrum (total, WM, GM), cerebellum (total, WM, GM), lateral ventricles, caudate, putamen,

thalamus, globus pallidus, hippocampus, and amygdala (Figure 2.2)

The lesionBrain pipeline processes MPRAGE images as described for the volBrain

pipeline (above), but only segments ICC masks, brainstem, cerebellum, and lateral ventricles

(Coupé 2018). FLAIR images are denoised using a NLM filter, corrected for inhomogeneity, and

normalized for image intensity. Mean and standard deviation GM FLAIR image intensities as

well as a MNI lesion atlas are used to estimate lesion thresholds that identify lesion candidates,

which are segmented/classified using a rotation-invariant multicontrast version of the NLM,

patch-wise NLM, and patch-based ensemble corrector (PEC) for error correction. The

lesionBrain pipeline yields segmented lesion location and total lesion volume (TLV) in cm3.

TLV mean values and ranges are shown in Table 2.1 and Table 2.2.
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Figure 2.2. volBrain and lesionBrain outputs. (A) Axial MPRAGE submitted to volBrain and
(B) WM, GM, CSF and deep GM segmentations from volBrain of 63 year old female AOMS,
(C) Example of FLAIR scan showing periventricular lesions (left) and lesionBrain lesion
segmentations (right) from 19 year old female POMS.

DTI processing included masking, performed in FSL (v.6.0) (Smith 2002, Jenkinson

2012), as well as denoising (Veraart 2016), Gibbs ringing (Kellner 2016), eddy current and

motion (Andersson 2015), bias field correction (Tustison 2010), and tensor fitting (Basser 1994a,

Basser 1994b, Westin 1997, Veraart 2013), performed in MRtrix3 (v.2.0) (Tournier 2019).
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Deterministic tractography (Mori 1999) of the fornix was performed in MRtrix3 similar

to previously published lab protocols (Valdés Cabrera 2022) using: FA threshold 0.15, maximum

turning angle 65o, step size 0.64 mm, minimum fiber length 10 mm, and maximum fiber length

of 109 mm (i.e. MRtrix3 default, geometric mean of interpolated voxel size times 100). ROIs

were placed as follows (Figure 2.3): coronal AND ROI in the fornix body (Figure 2.3A), axial

NOT ROI to remove tracts superior the fornix (Figure 2.3B), coronal NOT ROI to remove tracts

anterior the fornix columns (Figure 2.3C), coronal NOT ROI to remove tracts posterior the

fornix crura (Figure 2.3D), other NOT ROIs as needed to remove all remaining unwanted

streamlines not attributable to the fornix. The final tract (Figure 2.4) yielded the whole fornix

volume, as well as average FA, MD, AD and RD with left and right sides combined to limit

comparisons. There were no indications of left/right differences in MS or controls. The intraclass

correlation coefficient (ICC) (used to measure intra-rater reliability) for whole fornix tract

volume was 0.97 as measured in four subjects (two controls and two MS).
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3. Disproportional Smaller Fornix with Altered Microstructure in Pediatric

Multiple Sclerosis Shown by High-Resolution Fluid-Suppressed Diffusion

Tractography1

3.1 Abstract

Background: Diffusion tensor imaging (DTI) in adults with multiple sclerosis (MS) has

identified marked volume and diffusion abnormalities of the fornix, the main white matter (WM)

output tract of the hippocampus.

Objective: To determine if the fornix is affected in pediatric-onset MS (POMS) using the same

DTI protocols used in adult-onset MS (AOMS), which would suggest its early involvement in

the disease course.

Methods: High-resolution, fluid-suppressed diffusion tractography was used to identify the

fornix in 11 POMS patients (13-19 years old) and 26 controls. Fornix volume and diffusion

metrics were compared between groups and with other total/regional brain volumes, and then

correlated with cognitive/clinical scores.

Results: POMS showed lower fornix volumes (-26%) compared to controls, which was greater

than proportional losses in total and other regional brain volumes. Notably, the hippocampus

volume was not lower in POMS. DTI yielded lower fractional anisotropy (-7%) and higher mean

1 A version of Chapter 3 of this thesis was presented at the 2024 International Society for Magnetic Resonance in
Medicine (ISMRM) Annual Meeting in Singapore as Weber C, Wilbur C, Beaulieu C “High-resolution
Fluid-Suppressed Diffusion Tractography Shows Altered Fornix Volume and Diffusion Metrics in Pediatric Multiple
Sclerosis” (Abstract #0117). Chapter 3 of this thesis has been submitted for publication as Weber C, Wilbur C,
Blevins G, Beaulieu C “Disproportional Smaller Fornix with Altered Microstructure in Pediatric Multiple Sclerosis
Shown by High-Resolution Fluid-Suppressed Diffusion Tractography.”

47



(12%), axial (7%), and radial (16%) diffusivities in POMS. There were no significant

correlations between fornix volume/diffusion metrics and cognitive/clinical scores.

Conclusion: Diffusion tractography showed marked injury to the fornix in POMS that precedes

injury to connected gray matter such as hippocampus, implicating the fornix as an early brain

region affected in MS.

3.2 Introduction

Pediatric-onset multiple sclerosis (POMS) accounts for up to 5% of MS cases and is

characterized by disease onset and high clinical and radiographic disease activity during

childhood and adolescence (Bigi 2012) It was shown that within just 2 years of MS onset,

approximately 30% of children and adolescents with MS become cognitively impaired. Like

adult-onset MS (AOMS), POMS has shown widespread gray matter (GM) atrophy across most

cortical and subcortical regions that appear to worsen over time (De Meo 2019). Early and

disproportionate thalamic atrophy has also been reported in POMS, particularly at the ventricular

interface, presumably due to soluble MS inflammatory factors in the cerebrospinal fluid (CSF)

(Fadda 2019). Thalamic and other GM atrophy in POMS have been shown to correlate with

various measures of disability (i.e. Expanded Disability Status Scale, EDSS) and cognition (i.e.

episodic memory performance) (De Meo 2019, Fabri 2021). POMS also showed deviations from

sex- and age-expected developmental trajectories of hippocampus volume (De Meo 2019) Other

POMS studies have shown hippocampal atrophy relative to controls, but there is inconsistency

on whether it is associated with cognitive impairment (Rocca 2016a, Fabri 2021).
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Beyond GM, cognitive impairment in MS may result from injury to normal-appearing

WM (NAWM) from demyelination and axonal loss leading to disconnections between cortical

and subcortical structures (Dineen 2009). Diffusion tensor imaging (DTI) can detect changes

indicative of demyelination and/or axonal injury in NAWM, as well as virtually identify WM

tracts with diffusion tractography. DTI has shown reduced tract volumes and altered diffusion

metrics in NAWM in adults with MS compared to controls, which are associated with physical

and cognitive impairment, such as the fornix which is the main efferent tract of the hippocampus

(Fink 2010, Syc 2013, Kern 2015, Welton 2015, Keser 2017, Huang 2018, Valdés Cabrera 2020)

The fornix plays an important role in episodic memory and other cognitive functions (Douet

2014a). The fornix is a small, curved WM tract located within the lateral ventricles making it

prone to diffusion tractography errors due to partial volume effects from rapid, isotropic

diffusing CSF, which contributes to the diffusion parameters per voxel; however, tractography

and output diffusion metrics can be improved using high-resolution fluid-attenuated inversion

recovery (FLAIR) DTI, which suppresses the confounding CSF (Concha 2005). FLAIR-DTI has

shown marked volume and diffusion abnormalities of the fornix in adults with MS compared to

controls, including lower tract volume and fractional anisotropy (FA) and higher mean (MD),

axial (AD), and radial (RD) diffusivities, which were most affected in those with cognitive

impairment and greater than losses in other WM and GM volumes (Valdés Cabrera 2022).

DTI metrics are altered in POMS in most NAWM, including major tracts like the corpus

callosum, posterior limb of the internal capsule, cerebral peduncle, and long association fibers

(i.e. superior longitudinal, inferior fronto-occipital, and uncinate fasciculus) (Vishwas 2013).

Relative to controls, DTI metrics in POMS NAWM appear to worsen over time and fail to reach

age-expected maturation (Longoni 2017). Additionally, these abnormal DTI metrics are apparent
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even in very early-onset POMS (<12 years of age), which may suggest early NAWM injury in

MS (Rocca 2016b). However, there is only one POMS DTI study that has mentioned the fornix

region (Blaschek 2013), namely reporting elevated MD, but it used low spatial resolution DTI

protocols (voxel volume > 12 mm3) and a voxel-based analysis not ideal for measuring the fornix

and which does not yield tract volume (Bach 2014). FLAIR-DTI tractography has not been

applied to study the fornix in POMS, and comparison to adults with MS previously studied using

the exact same protocolwould examine whether it is involved early in the disease course of MS.

The purpose of this study was to: (i) determine if the fornix (volume and diffusion

metrics) is affected in POMS using CSF-suppressed, high-resolution FLAIR-DTI tractography,

(ii) evaluate other brain volumes (e.g. hippocampus) to determine if fornix injury precedes GM

atrophy, and (iii) assess correlations between fornix volume/diffusion metrics, and clinical

disability/cognitive function.

3.3 Materials and Methods

3.3.1 Participants

This study was approved by the University of Alberta Human Research Ethics Board. All

37 participants provided written informed consent (or parental consent and assent if under 16

years of age) including 11 diagnosed with relapsing-remitting POMS that were recruited from

the pediatric neuroinflammatory registry and the University of Alberta Neurosciences Clinic, and

26 healthy controls chosen with a similar age/sex distribution from a previous normative study

using an identical MRI protocol. The inclusion criteria for the POMS cohort were as follows:

diagnosis of MS according to the 2017 McDonald criteria, disease onset prior to 18 years of age,
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and under 20 years of age at the time of MRI scan. The exclusion criteria included no POMS

participants with medical diagnoses other than MS or with known clinical relapses at the time of

the MRI scan or within 30 days of the study visit. All 11 POMS participants were on disease

modifying therapies (ocrelizumab, rituximab, and fingolimod). Three POMS participants had

diagnosed depression/anxiety and were on various antidepressant medications. Two POMS

participants had diagnosed attention deficit hyperactivity disorder (ADHD) and were taking

ADHD medications. The demographic and clinical data are summarized in Table 3.1.

3.3.2 Cognitive Assessment

Cognitive and clinical tests were administered by a trained user and MS neurologists

from the University of Alberta, respectively. Tests included: Expanded Disability Status Scale

(EDSS) for overall MS disability, Pediatric Fatigue (Neuro-QOL Item Bank v.2.1) for fatigue,

Beck’s Depression Inventory-II (BDI-II) for depression, Symbol Digit Modalities Test (SDMT)

to measure processing speed, and Brief Visuospatial Memory Test-Revised (BVMT-R) to test

visuospatial memory (only total recall score). Pediatric Fatigue, SDMT, and BVMT-R scores

were converted to standardized z-scores based on the 2021 Neuro-QOL Scoring Manual (Version

3.0) and pediatric norms (Smerbeck 2011). Cognitive/clinical test scores are summarized in

Table 3.1.

51



Table 3.1: Demographics, cognitive/clinical scores, and total lesion volume for age/sex matched
controls and POMS with range, mean, and standard deviation.

Controls (n=26) POMS (n=11)

Sex (M/F) 3/23 1/10

Age (years) 12-20
16.9 +/- 2.2

13 - 19
17.5 +/- 1.9

Time since MS onset (years) - 1.1 - 8.0
3.2 +/- 2.1

Expanded Disability Status
Scale, EDSS

- 0 - 4
1.4 +/- 1.6

Pediatric Fatigue (z-score) - -0.3 - 2.2
0.9 +/- 0.9

Beck’s Depression
Inventory-II, BDI-II

- 3 - 41
14 +/- 13

Symbol Digit Modalities Test,
SDMT (z-score)

- -5.3 - 3.2
-1.1 +/- 2.3

Brief Visuospatial Memory
Test-Revised, BVMT-R (total
recall) (z-score)

- -0.5 - 2.6
1.0 +/- 1.1

Total Lesion Volume, TLV
(cm3)

- 0.05 - 51.9
11.7 +/- 15.3
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3.3.3 MRI Protocol

Participants were scanned on a 3T Siemens Prisma MRI with a 64-channel head/neck

radiofrequency coil. A whole-brain 3D T1-weighted magnetization-prepared rapid acquisition

gradient echo (MPRAGE) was acquired using the following parameters: 0.9 mm isotropic

voxels, TR 1800 ms, TE 2.37 ms, and total scan time 3.4 minutes. Whole-brain 3D sampling

perfection with application optimized contrasts using different flip angle evolution (SPACE)

FLAIR was acquired with 1.2 mm isotropic voxels, TI 1800 ms, TR 5000 ms, TE 385 ms, and

total scan time 3.1 minutes. The FLAIR-DTI protocol was the same as used in a previous adult

MS study here (Valdés Cabrera 2022): 2D single-shot echo-planar imaging, 35 2 mm transverse

slices centered for fornix coverage, 1.2x1.2 mm2 zero-filled to 0.64x0.64 mm2 in-plane

resolution, GRAPPA R=2, phase partial Fourier 6/8, TI 2300 ms, TR 9000 ms, TE 70 ms, 5 b=0

and 20 b=1000 s/mm2, and total scan time 4.1 minutes.

3.3.4 MRI Analysis

MPRAGE brain volumes and SPACE FLAIR total MS lesion volumes were measured

using the volBrain and lesionBrain pipelines, respectively, offered through the online volBrain

platform for MRI brain analysis (Manjón 2016, Coupé 2018). The volBrain pipeline yielded

segmented total and regional brain volumes including: WM, GM, CSF, cerebrum (total, WM,

GM), cerebellum (total, WM, GM), lateral ventricles, caudate, putamen, thalamus, globus

pallidus, hippocampus, and amygdala. Left and right hemispheres were combined to limit

comparisons and yielded 16 volumes per participant. The lesionBrain pipeline yielded segmented

total lesion volume (TLV).
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DTI processing was performed in MRtrix3 (v.2.0) including denoising, Gibbs ringing,

eddy current and motion, bias field correction, and tensor fitting (Tournier 2019). Deterministic

tractography of the fornix was performed in MRtrix3 similar to previously published lab

protocols using (Valdés Cabrera 2022): FA threshold 0.15, maximum turning angle 65o, step size

0.64 mm, minimum fiber length 10 mm, and maximum fiber length of 109 mm (i.e. MRtrix3

default, geometric mean of interpolated voxel size times 100). Regions of interest (ROIs) were

placed as follows: coronal AND ROI in the fornix body, axial NOT ROI to remove tracts

superior to the fornix, coronal NOT ROI to remove tracts anterior to the fornix columns, coronal

NOT ROI to remove tracts posterior to the fornix crura, and other NOT ROIs as needed to

remove all remaining streamlines not attributable to the fornix. This tract yielded the whole

fornix volume, as well as average FA, MD, AD and RD across left and right sides.

3.3.5 Statistical Analysis

Fornix volume, FA, MD, AD and RD for POMS and controls were tested for normality,

and then metrics were assessed with two-sample independent t-tests to test for differences

between POMS and controls. Regional brain volumes for POMS and controls were also tested

for normality and then evaluated using two-sample independent t-tests to test for group

differences. Pearson correlations were used to assess linear relationships between fornix

volume/diffusion metrics and clinical/cognitive scores, i.e. time since MS onset, EDSS, TLV,

Pediatric Fatigue, BDI-II, SDMT, and BVMT-R. Multiple comparisons (FDR) were conducted

for group comparisons and Pearson correlations; FDR corrected p-values are presented

(*p<0.05).
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3.4 Results

CSF-suppressed, high-resolution FLAIR-DTI tractography depicted the full fornix in all

11 POMS and 26 controls. Fornix tractography showed visibly thinner fornix with bilateral

regions of lower FA and elevated diffusivities (MD, AD, and particularly RD) in POMS relative

to controls (Figure 3.1). These tractography observations were similar across all 11 POMS

fornix and 11 representative age/sex matched controls, as shown on the tracts color-coded for

MD (Figure 3.2).

Figure 3.1: Examples of CSF-suppressed, high-resolution FLAIR-DTI fornix tractography (as
seen from superior view) colour-coded by FA, MD, AD and RD in a 17 year old female control
and a 16 year old POMS participant. In this case, the POMS fornix appears thinner with
markedly smaller volume (-36%) and shows bilateral regions with lower FA (-9%), and higher
MD (14%), AD (9%), and RD (18%).
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Figure 3.2: Examples of CSF-suppressed, high-resolution FLAIR-DTI fornix tractography (as
seen from superior view) colour-coded by MD in 11 representative age/sex matched controls and
all 11 POMS, ordered by age. Fornix tractography depicted the full fornix in all, but the fornix in
POMS appeared thinner compared to controls, and showed bilateral regions with higher MD.

Relative to controls, the POMS had a fornix with 26% lower volume (4.6 +/- 1.1 vs 3.4

+/- 0.9 cm3, p=0.003), 7% lower FA (0.43 +/- 0.02 vs 0.40 +/- 0.03, p<0.001), 12% higher MD

(1.06 +/- 0.05 vs 1.19 +/- 0.07 x10-3 mm2/s, p<0.001), 7% higher AD (1.61 +/- 0.06 vs 1.72 +/-

0.08 x10-3 mm2/s, p<0.001), and 16% higher RD (0.79 +/- 0.05 vs 0.92 +/- 0.08 x10-3 mm2/s,

p<0.001) (Figure 3.3). In contrast, hippocampus volume was not different between POMS and

controls (p=0.551).
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Figure 3.3: Group comparisons of controls (n=26) and POMS (n=11) are shown for fornix (Fx)
(A) volume, (B) FA, (C) MD, (D) AD and (E) RD as well as (F) hippocampus (hippo) volume.
POMS showed a smaller volume (-26%) compared to controls as the largest change in the fornix,
in addition to significant differences in FA (-7% lower), MD (12% higher), AD (7% higher), and
RD (16% higher). Hippocampus volume was not significantly different between groups.

Relative to controls, POMS had many volume differences with the greatest proportional

changes in the lateral ventricles (+56%) and CSF (+41%) volumes (Table 3.2). For brain

subregions, the greatest volume losses in order were the thalamus (-23%), cerebellum WM

(-23%), total WM (-17%), globus pallidus (-16%), cerebrum WM (-16%), putamen (-12%), total

cerebellum (-9%), and then total cerebrum (-8%). These differences were not as great as the

fornix which was proportionally smaller (-26%). Notably, there were no differences in the

volumes of other GM, including total GM, cerebrum GM (i.e. cortex), cerebellum GM, caudate,

or amygdala.
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Table 3.2: Total/regional left + right WM/GM volumes (cm3) derived from the 3D T1-weighted
images with group comparisons for age/sex matched controls versus POMS with mean, standard
deviation, percentage difference, and FDR corrected p-values (*p<0.05; n.s. is non-significant).

Volumes (cm3) Controls (n=26) POMS (n=11) Difference (%)

Lateral Ventricles 9.4 +/- 6.0 14.7 +/- 5.3 +56 p=0.025*

CSF 142 +/- 36 200 +/- 52 +41 p=0.001*

Thalamus 13.1 +/- 1.0 10.1 +/- 2.0 -23 p<0.001*

WM (total) 538 +/- 47 448 +/- 84 -17 p=0.001*

Globus Pallidus 2.5+/- 0.3 2.1 +/- 0.4 -16 p=0.008*

Putamen 9.3 +/- 0.9 8.2 +/- 1.1 -12 p=0.005*

Cerebellum
WM
GM

149 +/- 16
40 +/- 6
110 +/- 14

135 +/- 16
31 +/- 8
104 +/- 12

-9
-23
n.s.

p=0.025*
p=0.003*
p=0.302

Cerebrum
WM
GM (cortex)

1135 +/- 81
478 +/- 41
657 +/- 50

1046 +/- 111
400 +/- 73
647 +/- 45

-8
-16
n.s.

p=0.022*
p=0.001*
p=0.559

GM (total) 770 +/- 60 755 +/- 47 n.s. p=0.551

Caudate 8.2 +/- 1.0 7.5 +/- 1.3 n.s. p=0.094

Hippocampus 8.0 +/- 0.8 7.8 +/- 0.7 n.s. p=0.551

Amygdala 1.6 +/- 0.3 1.6 +/- 0.3 n.s. p=0.551
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Within the POMS cohort, Pearson correlations (uncorrected) were only found for SDMT

vs fornix MD (R=-0.60, p=0.049), SDMT vs fornix RD (R=-0.61, p=0.048), and TLV vs fornix

FA (R=-0.63, p=0.040); however, none were significant after FDR-correction. There were also

no significant correlations between fornix volume or diffusion metrics and age, time since MS

onset, EDSS, Pediatric Fatigue, BDI-II, or BVMT-R.

3.5 Discussion

High-resolution FLAIR-DTI tractography enabled the virtual identification and

quantification of the fornix in POMS (age range of 13-19 years), which showed markedly lower

volume that was affected more than any other brain region assessed in this study, as well as

diffusion metric differences of FA, MD, AD and RD, compared to controls, indicative of

micro-structural abnormalities. A previous POMS DTI study of 12-17 year olds identified

elevated MD in the fornix, amongst many white matter regions, using a whole brain white matter

voxel-based skeletonized approach, but this was on low spatial resolution diffusion images

acquired without CSF suppression (susceptible to partial volume effects) and the actual MD

values were not reported, nor was the fornix volume or other diffusion metrics such as FA, AD,

and RD (Blaschek 2013). Minimizing the effects of CSF partial volume by smaller voxels

(volume of 2.9 mm3) and CSF suppression (using inversion recovery FLAIR preparation) is

important to not attribute changes of diffusion properties to merely partial volume effects in a

smaller fornix (Vos 2011). Here, the largest percent change of the diffusion metrics in the fornix

was a 16% larger RD that could be interpreted as demyelination (Song 2002, Klawiter 2011);

however, axonal loss (i.e. lower density) leading to a markedly smaller fornix is also possible. A
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potential injury mechanism is that the thin fornix is bathed in CSF, which has been shown to

contain MS inflammatory immunoglobulins in POMS (McKay 2021).

The large 26% volume percent reduction of the fornix in POMS is in exact agreement

with the 26% volume reduction found in our cross-sectional adult MS study (age range of 32-70

years) that used the same FLAIR-DTI acquisition protocol (Valdés Cabrera 2022). Further,

POMS fornix DTI metrics were similarly affected relative to controls as in the previous adult MS

study: POMS FA -7% vs AOMS -7%, MD +12% vs +9%, AD +7% vs +6%, and RD +16% vs

+12%. The similarly affected fornix volume and diffusion metrics regardless of the differences in

average disease durations (i.e. 3 years for POMS here versus 15 years in the adult MS study)

(Valdés Cabrera 2022) and lower disease burden of disability in POMS, suggests that the fornix

is affected early on in the disease course of MS and that fornix injury is not necessarily

progressive, although this assessment would require longitudinal scans rather than the

cross-sectional cohorts as in our two studies. However, this hypothesis is further supported by

the presence of inflammatory cytokines in CSF early on in the disease course of adult MS, which

could disproportionately affect the fornix early on (Pardini 2021). POMS were all

relapsing-remitting MS in the current study as well as the majority (35/43 MS participants) in the

adult study (Valdés Cabrera 2022). However, the prior adult MS FLAIR-DTI study showed far

greater fornix changes in volume and all diffusion metrics in those with cognitive impairment,

whereas those without cognitive impairment showed significant, albeit less changes, of lower

volume and higher MD/RD with no significant changes in FA or AD (Valdés Cabrera 2022). The

POMS cohort here showed no FDR-corrected significant correlations of the fornix parameters

versus cognitive (or clinical) scores, likely due to the small sample size. Further, POMS with

cognitive impairment according to the criteria used in the previous adult MS study (i.e. SDMT
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z-scores below -1.67 standard deviations (SD) and/or BVMT-R z-scores below -1.17 SD)

(Valdés Cabrera 2022) and without cognitive impairment showed similar abnormal fornix

volume/diffusion metric differences relative to controls. Encouragingly, the non multiple

comparison corrected negative correlations of SDMT with fornix MD and RD, and total lesion

volume with fornix FA, agree with the prior adult MS study (Valdés Cabrera 2022). Other adult

MS DTI studies have also shown abnormal fornix metrics with some reports of relationships to

cognitive impairment, including reduced FA, and elevated MD, AD, and RD (Fink 2010, Syc

2013, Kern 2015, Welton 2015, Keser 2017).

The fornix is the primary efferent tract of the hippocampus, yet a key observation here is

that the hippocampus volume was not different in POMS than controls. This would suggest that

the fornix abnormalities are not the result of Wallerian degeneration from neuronal death in the

hippocampus, but rather that the fornix may be directly affected by adjacent CSF factors as

mentioned earlier. This is consistent with the hypothesis that WM injury precedes injury to

connecting GM in MS (Bodini 2016). Our previous adult MS study showed no differences in

hippocampus volume (as measured using automated segmentation software on 3D T1-weighted

scans) either, although FA, MD, and RD were abnormal in the hippocampus of cognitively

impaired adult MS participants (Valdés Cabrera 2022). However, a follow-up study on the same

adult MS cohort showed a 14% smaller hippocampus volume as measured by manual

segmentation on 1 mm isotropic DTI scans, with no reduction of hippocampus volume in the

cognitively unimpaired group although both groups had elevated MD in the hippocampus

suggestive of microstructural alterations (Valdés Cabrera 2023). There are discrepancies in

POMS with hippocampus reported as being smaller or no different than controls, which may be

due to a shorter preclinical disease activity or differences in the disease process (i.e. absence of

61



progressive MS) compared to adult MS (Fabri 2021, Rocca 2016a, Fuentes 2012). Our

observations of greatly enlarged lateral ventricles (+56%) and CSF volume (+41%) as well as

smaller volumes of thalamus (-23%), total white matter (-17%), globus pallidus (-16%), putamen

(-12%), and total cerebellum (-9%) in POMS are consistent with previous work (Aubert-Broche

2011, Bartels 2019, De Meo 2019, Fadda 2019). The thalamus volume is affected nearly as much

as the fornix volume, presumably due to the thalamus being located adjacent to the CSF as well

(Fadda 2019). Interestingly, there was no difference in total GM volume between groups, which

may suggest that brain volume losses in POMS are driven by WM atrophy (Bartels 2019).

There were several limitations in this study. The sample size of 11 POMS in this single

site study was a result of the small local clinical population and the focus on scans under 20

years of age. A larger sample would have been beneficial to assess correlations between fornix

volume/diffusion metrics and clinical disability and cognitive function. There was only one male

in the 11 POMS participants limiting the analysis of sex effects. The fornix volume/diffusion

metrics can depend on the tractography algorithm/parameters between studies although the same

methods were used for all POMS and controls here. This study was focused on one key tract of

interest, the fornix, but it would be useful to examine other WM tracts in the same cohort. The

FLAIR-DTI has limited brain coverage (70 mm coverage by 35 slices 2 mm thick) as it was

developed for the fornix, but future analyses of this POMS cohort will include whole brain

multi-shell diffusion MRI analysis of other white matter tracts as well as high resolution (1 mm

isotropic) DTI of the hippocampus, the latter as performed in our previous adult MS study

(Valdés Cabrera 2023).

Diffusion MRI findings in POMS provide evidence that there is early involvement of the

fornix in the disease course of MS, which precedes injury to connecting GM, and is likely related
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to its location within the ventricles leading to exposure to soluble inflammatory factors in CSF.

These results suggest that the microstructural integrity of the fornix may be an early hallmark of

MS and that the fornix should not be overlooked in future work examining MS pathology.
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4. High-Resolution Fluid-Suppressed Diffusion Tractography of the Fornix

Across the Healthy Lifespan and Deviations in Multiple Sclerosis

4.1 Abstract

Background: Microstructural changes of the fornix, which is the main efferent white matter

(WM) tract of the hippocampus and part of the limbic system, have been identified using

diffusion tensor imaging (DTI) across the healthy lifespan, and in children and adults with

multiple sclerosis (MS), separately.

Objective: To analyze fornix microstructure changes in MS compared to healthy controls across

age using improved fornix DTI tractography.

Methods: High-resolution, fluid-suppressed diffusion tractography was used to identify and

quantify the fornix in 42 MS patients and 103 healthy controls (12-65 years). Fornix volume and

diffusion metrics of MS participants were compared to controls across age.

Results: Control fornix volume increased until 33 years and then declined, fractional anisotropy

(FA) showed no age relationship, and mean (MD), axial (AD) and radial diffusivity (RD)

decreased until 33, 30 and 32 years, respectively, and then increased with age. MS fornix volume

and FA followed similar trends, but remained below controls, and MD, AD, and RD did not

show age relationships, but deviated above controls across age.
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Conclusion: Diffusion tractography showed early deviations in fornix volume and diffusion

metrics in MS compared to controls that stayed consistent across aging, suggesting it is an early

and consistent target of injury in MS.

4.2 Introduction

The fornix is the main efferent white matter (WM) tract of the hippocampus and is part of

the limbic system, which is responsible for aspects of memory and cognition (Douet 2014a).

Fornix microstructure changes, identified using diffusion tensor imaging (DTI), have commonly

been studied in relation to episodic memory deficits, as shown in healthy controls (Rudebeck

2009), mild cognitive impairment (Metzler-Baddeley 2012) and neurodegenerative/

neuroinflammatory diseases, such as multiple sclerosis (MS) (Dineen 2012, Koenig 2013).

However, lower fornix fractional anisotropy (FA) and higher radial diffusivity (RD) have also

been implicated in poorer overall cognitive function in MS (Keser 2017). Similarly, fornix

volume and axial diffusivity (AD) were predictive of cognitive decline in healthy elderly controls

(Fletcher 2013).

Despite fornix findings of relationships to memory and cognition in healthy controls and

MS, only a few DTI studies have examined fornix microstructure changes across age, and

children/adolescents are often excluded. Only one fornix DTI tractography study has examined

fornix volume and diffusion metrics across the healthy lifespan, including very young children

up to elderly subjects (5-83 years) (Lebel 2012). Fornix volume and FA showed inverted

U-shaped curves, while mean (MD), radial (RD) and axial diffusivity (AD) showed U-shaped

curves across age, with peaks and minimums around 20 years, respectively. Tract-based spatial

statistics and region-of-interest studies found similar trends across healthy children/adolescents

65



and young adults for fornix AD and RD in 8-28 year olds, but showed that fornix volume peaked

earlier around 13 years (Simmonds 2014), and fornix FA around 15 years in a study of 3-20 year

olds (Douet 2014b). Other DTI tractography studies of the fornix in healthy controls have

primarily spanned young adults to elderly subjects (~20-80 years old), and have revealed both

decreasing fornix volume and FA (Stadlbauer 2008, Michielse 2010, Jang 2011, Sasson 2013)

and no changes in FA (Sullivan 2010), as well as increasing (Stadlbauer 2008, Sullivan 2010,

Jang 2011, Sasson 2013) and decreasing fornix diffusivities with age (Michielse 2010). Recently,

DTI tractography also showed negative and positive quadratic relationships between age and

fornix FA and MD in 20-94 year olds, which decreased and increased after 20 years of age,

respectively (Foster 2019). However, none of these studies used cerebrospinal fluid (CSF)

suppression, which is important to not attribute changes in diffusion properties to partial volume

effects from rapid, isotropic diffusing CSF, since the small fornix is located in the ventricles

(Concha 2005, Vos 2011). The only fornix DTI study across the healthy lifespan also used low

spatial resolution (3 mm thick slices) and was acquired on a 1.5T scanner (Lebel 2012), which

makes the fornix more prone to effects from CSF partial volume.

Fornix DTI has also been used to study fornix microstructure changes in MS, albeit in

children and adults with multiple sclerosis (MS), separately. Only one voxel-based analysis,

showed the fornix with elevated MD in children with MS, but the study did not report the actual

MD value, other diffusion metrics, or output volume (Blaschek 2013). Fornix tractography in

adults with MS showed smaller fornix volume with reduced FA, and elevated MD, AD, and RD,

compared to controls (Valdés Cabrera 2020), and lower FA and higher MD and RD that were

related to poorer auditory processing and greater cognitive impairment (Syc 2013, Keser 2017).

Fluid-attenuated inversion recovery (FLAIR) DTI tractography, which suppressed CSF and
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improved fornix volume and diffusion metrics has since been applied to study the fornix in

children/adolescents with MS (Chapter 3) and adult MS (Valdés Cabrera 2022). FLAIR-DTI

showed marked fornix volume reductions and diffusion abnormalities in children/adolescents

and adults with MS, which were greater than other total/regional brain volume losses.

FLAIR-DTI in adult MS also showed that fornix volume/diffusion metrics were most affected in

cognitively impaired MS. Additionally, fornix volume/diffusion metric age relationships were

only assessed in MS participants spanning 32-71 years old, although fornix volume showed a

negative linear relationship, FA showed no relationship, and MD, AD and RD showed positive

linear relationships with age. Tractography can output tract volume, as well as diffusion metrics

indicative of microstructural fornix integrity, however it has not been applied to study fornix

microstructure changes across the MS “lifespan”, particularly in very young children and

adolescents up to elderly subjects, relative to healthy controls, which is needed to determine if

there are age-related fornix changes (i.e. injury) in the disease course of MS.

The purpose of this study was to: (i) assess fornix changes (i.e. volume and diffusion

metrics) versus age across the “lifespan” in healthy controls using improved CSF-suppressed,

high-resolution FLAIR-DTI tractography, (ii) compare fornix changes in MS across the same age

range to healthy control age trajectories, and (iii) examine how fornix volume changes in MS

compare to age trajectories of other total/regional brain volumes.

4.3 Materials and Methods

4.3.1 Participants

This study was approved by the University of Alberta Human Research Ethics Board. All

145 participants provided written informed consent (or parental consent and assent if under 16
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years of age), including 42 diagnosed with MS that were recruited from the pediatric

neuroinflammatory registry and University of Alberta Neurosciences Clinic, and 103 healthy

controls chosen with a similar age/sex distribution from a previous local normative study using

an identical MRI protocol. There were 16 pediatric-onset MS (POMS) diagnosed with MS before

18 years of age and 26 adult-onset MS (AOMS), which together included 34 relapsing-remitting

MS (RRMS), 5 secondary progressive MS (SPMS), 2 primary progressive MS (PPMS), and 1

benign MS. The inclusion criteria for the MS cohort was a diagnosis of MS according to the

2017 McDonald criteria. The exclusion criteria included no MS participants with medical

diagnoses other than MS or with known clinical relapses at the time of the MRI scan or within 30

days of the study visit. Most (35/42) MS were on disease modifying therapies (rituximab,

ocrelizumab, fingolimod, ofatumumab, dimethyl fumarate, interferon beta-1a, and natalizumab),

19/42 MS had diagnosed depression/anxiety and were on various antidepressant medications,

and 5/42 MS had diagnosed attention deficit hyperactivity disorder (ADHD) and were taking

ADHD medications. Demographic and clinical data are summarized in Table 4.1.
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Table 4.1: Demographics, clinical scores, and total lesion volume for age/sex matched controls
and MS with range, mean, and standard deviation.

Controls (n=103) MS (n=42)

Sex (M/F) 27/76 10/32

Age (years) 12 - 65
33 +/- 15

13 - 63
34 +/- 15

Time since MS onset (years) - 1 - 31
11 +/- 9

Expanded Disability Status
Scale, EDSS

- 0.0 - 8.5
3.0 +/- 2.2

Pediatric Fatigue (raw score) - 12 - 36
23 +/- 8

Modified Fatigue Impact
Scale, MFIS

- 9 - 77
43 +/- 18

Beck’s Depression
Inventory-II, BDI-II

- 1 - 43
15 +/- 11

Symbol Digit Modalities Test,
SDMT (raw score)

- 19 - 95
54 +/- 18

Brief Visuospatial Memory
Test-Revised, BVMT-R (total
recall) (raw score)

- 3 - 34
27 +/- 7

Timed 25-Foot Walk, T25FW
(average of 2 trials, seconds)

- 3.1 - 7.8
4.5 +/- 1.1

Nine-Hole Peg Test, 9HPT
(average of 4 trials, seconds)

- 16.3 - 43.6
22.8 +/- 5.6

Total Lesion Volume, TLV
(cm3)

- 0.04 - 55.7
12.1 +/- 14.7

EDSS not obtained from one adult RRMS; BDI-II not obtained from one pediatric-onset adult RRMS; BVMT-R not
obtained from one adult SPMS; T25FW and 9HPT not obtained from five POMS and 15 adult MS (8 RRMS, 5
SPMS, 2 PPMS)
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4.3.2 Cognitive Testing

Cognitive and clinical tests were administered by a trained user and MS neurologists

from the University of Alberta, respectively. Tests included: Expanded Disability Status Scale

(EDSS) for overall MS disability, Pediatric Fatigue (Neuro-QOL Item Bank v.2.1) for POMS

fatigue, Modified Fatigue Impact Scale (MFIS) for AOMS fatigue, Beck’s Depression

Inventory-II (BDI-II) for depression, Symbol Digit Modalities Test (SDMT) to measure

processing speed, Brief Visuospatial Memory Test-Revised (BVMT-R) to test visuospatial

memory (only total recall score), Timed 25-Foot Walk (T25FW) for mobility, and Nine-Hole Peg

Test (9HPT) for dexterity. Cognitive/clinical test scores are summarized in Table 4.1.

4.3.3 MRI Protocol

Participants were scanned on a 3T Siemens Prisma MRI with a 64 channel head/neck

radiofrequency coil. A whole-brain 3D T1-weighted magnetization-prepared rapid acquisition

gradient echo (MPRAGE) was acquired using the following parameters: 0.9 mm isotropic

voxels, TR 1800 ms, TE 2.37 ms, and total scan time 3.7 minutes. Whole-brain 3D sampling

perfection with application optimized contrasts using different flip angle evolution (SPACE)

FLAIR was acquired with 1.2 mm isotropic voxels, TI 1800 ms, TR 5000 ms, TE 385 ms, and

total scan time 3.1 minutes. The FLAIR-DTI protocol was the same as used in a previous adult

MS study here (Valdés Cabrera 2022): 2D single-shot echo-planar imaging, 35 2 mm transverse

slices centered for fornix coverage, 1.2x1.2 mm2 zero-filled to 0.64x0.64 mm2 in-plane

resolution, GRAPPA R=2, phase partial Fourier 6/8, TI 2300 ms, TR 9000 ms, TE 70 ms, 5 b=0

and 20 b=1000 s/mm2, and total scan time 4.2 minutes.
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4.3.4 MRI Analysis

MPRAGE brain volumes and SPACE FLAIR total MS lesion volumes were measured

using the volBrain and lesionBrain pipelines, respectively, offered through the online volBrain

platform for MRI brain analysis (Manjón 2016, Coupé 2018). The volBrain pipeline yielded

segmented total and regional brain volumes including: WM, gray matter (GM), total brain

volume (TBV), CSF, cerebellum (total, WM, GM), lateral ventricles, caudate, putamen, globus

pallidus, thalamus, hippocampus, and amygdala. Left and right hemispheres were combined to

limit comparisons and yielded 14 volumes per participant. The lesionBrain pipeline yielded

segmented total lesion volume (TLV).

DTI processing was performed in MRTrix3 (v.2.0) including denoising, Gibbs ringing,

eddy current and motion, bias field correction, and tensor fitting (Tournier 2019). Deterministic

tractography of the fornix was performed in MRtrix3 similar to previously published lab

protocols (Valdés Cabrera 2022) using: FA threshold 0.15, maximum turning angle 65o, step size

0.64 mm, minimum fiber length 10 mm, and maximum fiber length of 109 mm (i.e. MRtrix3

default, geometric mean of interpolated voxel size times 100). Regions of interest (ROIs) were

placed as follows: coronal AND ROI in the fornix body, axial NOT ROI to remove tracts

superior to the fornix, coronal NOT ROI to remove tracts anterior to the fornix columns, coronal

NOT ROI to remove tracts posterior to the fornix crura, and other NOT ROIs as needed to

remove all remaining streamlines not attributable to the fornix. This tract yielded the whole

fornix volume, as well as average FA, MD, AD and RD across left and right sides.
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4.3.5 Statistical Analysis and Curve Fitting

Fornix volume, FA, MD, AD and RD, and total/regional brain volumes for controls and

MS participants were tested for normality, and then metrics were assessed with Mann-Whitney U

tests to test for group differences. False discovery rate (FDR) corrected p-values are reported

(*p<0.05).

Fornix volume, FA, MD, AD and RD, and total/regional brain volumes for MS and

controls were each fit versus age to linear, Poisson, or quadratic models based on best fit, which

was determined by comparing the Akaike Information Criterion (AIC) values of each model and

selecting the model with the lowest AIC value (Virtanen 2020). If AIC values were within two

units of each other, models were considered equally fit, and the simplest model was chosen (i.e.

model with the fewest parameters) (Burnham and Anderson 2002). Only significant fits (p<0.05)

are shown.

4.4 Results

CSF-suppressed, high-resolution FLAIR-DTI tractography depicted the full fornix in all

103 controls and 42 MS participants (see Figure 4.1 for 42 representative age/sex matched

control fornix and Figure 4.2 for all 42 MS fornix, colour-coded by MD).
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Table 4.2: Total/regional left + right WM/GM volumes (cm3) and fornix volume/diffusion
metrics with group comparisons for age/sex matched controls versus MS with mean +/- SD,
ordered from greatest positive percentage changes and then greatest negative percentage
changes, FDR corrected; *p<0.05; n.s. is non-significant.

Volumes (cm3) Controls (n=103) MS (n=42) Difference (%)

Lateral Ventricles 11.3 +/- 6.5 20.4 +/- 14.7 +81 p=0.002*

CSF 174 +/- 48 223 +/- 75 +28 p=0.001*

Fornix 5.2 +/- 1.1 3.7 +/- 0.9 -29 p<0.001*

Thalamus 12.6 +/- 1.2 10.0 +/- 2.0 -21 p=0.002*

WM (total) 546 +/- 58 471 +/- 84 -14 p=0.002*

Globus Pallidus 2.4 +/- 0.3 2.1 +/- 0.4 -13 p=0.001*

Putamen 8.9 +/- 0.9 7.8 +/- 1.3 -12 p=0.002*

Caudate 7.6 +/- 1.0 6.9 +/- 1.1 -9 p=0.001*

TBV 1281 +/- 111 1183 +/- 137 -8 p=0.001*

Cerebellum
WM
GM

144 +/- 14
38 +/- 7
106 +/- 13

134 +/- 20
31 +/- 8
103 +/- 15

-7
-18
n.s.

p=0.017*
p=0.002*
p=0.542

Amygdala 1.7 +/- 0.2 1.6 +/- 0.2 -6 p=0.004*

Hippocampus 8.1 +/- 0.8 7.7 +/- 1.0 -5 p=0.019*

GM (total) 735 +/- 76 713 +/- 73 n.s. p=0.148

Poisson curves fit control and MS fornix volume (R2=0.45, p<0.001 and R2=0.27,

p=0.024, respectively) (Figure 4.4A), both of which became larger from 12 and 13 years until

peaking at 33 and 29 years of age with increases of 80% and 56%, respectively, and then became

smaller with age towards 62-65 years at a slower rate than the upswing ending up with volumes

similar to that at 12 years of age. Notably, the fornix volume of the MS group remained below
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controls across all ages. Control and MS fornix FA did not show any significant age

relationships, but ~1/3 of the MS participants had FA below all controls across the full age span

and the majority were below the mean of the controls (Figure 4.4B). Control fornix MD

(quadratic, R2=0.20, p<0.001, Figure 4.4C), AD (Poisson, R2=0.22, p<0.001, Figure 4.4D) and

RD (quadratic, R2=0.18, p=0.001, Figure 4.4E) followed similar trends with age where they

decreased until 33, 30, and 32 years of age, respectively, and then increased to a greater extent

with aging. In contrast, fornix MD, AD and RD in MS participants did not show significant age

relationships, but most were larger than the control mean across all ages from 12 to 62 years.
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Figure 4.4: Fornix (Fx) (A) volume, (B) FA, (C) MD, (D) AD and (E) RD shown vs age for
controls (n=103) and MS (n=42). Fornix volume in MS followed a Poisson curve similar to
controls, but peaked earlier (29 vs 33 years) and remained below controls across all ages. Control
fornix FA showed no age relationships, whereas MD, AD and RD showed similar curves with
age (minimums at 33, 30, and 32 years, respectively), although no age relationships were shown
for MS fornix diffusion metrics, which remained below (i.e. FA) and above (i.e. MD, AD, and
RD) controls at all ages.
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Volumetric analysis of the MPRAGE T1-weighted data showed negative linear

correlations with age in the MS participants for TBV (R2=0.10, p=0.046) (Figure 4.5C), total

GM (R2=0.36, p<0.001) (but not total WM) (Figure 4.5D and E), total cerebellum (R2=0.09,

p=0.049) (Figure 4.5F), and cerebellum GM (R2=0.12, p=0.026) (but not cerebellum WM)

(Figure 4.5G and H). In contrast, the controls only showed a negative linear correlation with

age in the total GM (R2=0.10, p<0.001) (Figure 4.5E), but the slope was not as steep as in MS.

However, total GM and cerebellum GM were not significantly different in MS as a group (Table

4.2). Although total WM and cerebellum WM did not show age correlations, ~1/3 of the MS

participants had smaller volumes than controls spanning the full age range. Groups yielded

positive correlations with age for both CSF (MS R2=0.32, p<0.001 vs control R2=0.36, p<0.001)

and lateral ventricle volumes (MS R2=0.32, p<0.001 vs control R2=0.27, p<0.001), but the MS

group showed larger volumes over all ages (Figure 4.5A and B).
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lower values in MS over the entire age span. Interestingly, MS hippocampus volume fit a

quadratic curve (R2=0.23, p=0.014), which started to decline after 32 years of age (Figure 4.6E),

whereas there was no age relationship in the control hippocampus. Control amygdala volume

showed a weak, positive linear relationship with age (R2=0.07, p=0.006) (Figure 4.6F). There

was much overlap in the volumes of hippocampus and amygdala between MS and controls.

Figure 4.6: (A) Caudate, (B) putamen, (C) globus pallidus, (D) thalamus, (E) hippocampus and
(F) amygdala deep GM volumes shown vs age for controls (n=103) and MS (n=42), which
showed lower offset age correlations in MS for the caudate and putamen, while the age
relationship was lost for globus pallidus and thalamus in MS, presumably due to marked volume
reductions at all ages. Most (4/6) deep GM volumes in controls showed negative age
relationships as expected.

4.5 Discussion

High-resolution FLAIR-DTI tractography enabled the virtual identification and

quantification of MS fornix across age (13-63 years), compared to controls. Relative to controls,

MS fornix were smaller and proportionally more affected than any other WM or GM brain

volume losses assessed in this study, and showed diffusion metric abnormalities of FA, MD, AD,
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and RD. Fornix volume/diffusion metrics were similarly affected relative to controls as in the

previous cross-sectional adult MS study with no overlapping patient scans, which used the same

FLAIR-DTI tractography protocol (Valdés Cabrera 2022): this study MS volume -29% vs adult

MS study -26%, FA -7% vs -7%, MD +10% vs +9%, AD +6% vs +6%, and RD +13% vs +12%.

Importantly, the above results were similar regardless of the different DTI post-processing

softwares used in either study. The largest percent change in diffusion metrics of fornix RD, over

AD, suggests that injury may be largely from demyelination in the fornix (Song 2002, Klawiter

2011).

Other total/regional brain volume group comparisons between MS and controls,

including larger lateral ventricles (+81%) and CSF volume (+28%), and smaller thalamus

(-21%), cerebellum WM (-18%), total WM (-14%), globus pallidus (-13%), putamen (-12%),

caudate (-9%), TBV (-8%), cerebellum (-7%), amygdala (-6%), and hippocampus (-5%) volumes

in MS, with no differences in cerebellum GM or total GM, are consistent with previous studies

(Aubert-Broche 2011, Eshaghi 2018, Bartels 2019, De Meo 2019). Notably, the fornix showed

the greatest proportional volume loss compared to other WM and GM brain regions assessed in

this study, which may be attributed to its location within CSF containing soluble MS

inflammatory factors early on in the disease course (Pardini 2021).

Similar fornix vs age relationships were shown for controls in this study as in previous

fornix DTI studies. Control fornix volume followed a similar inverted U-shaped curve as the

previous studies in 5-83 (Lebel 2012) and 8-28 year old controls (Simmonds 2014), although

fornix volume peaked later here at 33 years old, compared to 20 and 13 years old in the earlier

studies, respectively, which may reflect denser sampling of younger ages in the previous studies

and/or later maturation of the fornix in healthy aging revealed in this study through improved
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FLAIR-DTI tractography. Fornix FA showed no changes across age, which is consistent with one

previous fornix tractography study in 20-81 year old controls (Sullivan 2010), and suggests that

AD and RD are changing similarly with age. Although, fornix DTI in 5-83 (Lebel 2012) and

3-20 year old controls (Douet 2014b) showed inverted U-shaped curves for FA with age, which

peaked at 20 and 15 years old, respectively, as well as negative FA relationships with age in

20-94 (Foster 2019) and ~20-80 year old controls (Stadlbauer 2008, Michielse 2010, Jang 2011,

Sasson 2013), so the reason there were no age relationships found here may be due to the fact

that very young (under 12 years) and elderly (above 65 years) controls were missing from the

current study and drive fornix FA age relationships in controls. Notably, none of the studies

mentioned above used CSF-suppression, so their findings may reflect partial voluming from CSF

that increases with age (Lebel 2012). Control fornix MD, AD and RD all followed similar

U-shaped trends as previously reported in fornix DTI across 5-83 (Lebel 2012) and 8-28 year old

controls (Simmonds 2014), however later minimum values were reported here (33, 30 and 32

years, respectively, vs 20 years). Additionally, the later minimum value shown for fornix MD in

this study is comparable with the minimum MD values reported for other larger WM tracts not

affected by CSF (notably the corpus callosum, corticospinal tract, uncinate, superior

fronto-occipital, and superior longitudinal fasciculus) from the previous study in 5-83 year olds,

which used thick slices and no CSF-suppression (Lebel 2012). Fornix MD and RD also showed

positive relationships with age in 32-70 year old controls, which is consistent with the findings

here (Valdés Cabrera 2022),

MS fornix volume followed a similar inverted curve as controls in this study, but MS

peaked earlier at 29 years, showed a smaller proportional increase (56% vs 80%), and remained

below controls across all ages, providing evidence that fornix volume is affected early on in the
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disease course and that fornix injury is not progressive, although this would require longitudinal

scans. Notably, the decline in fornix volume after 29 years old is consistent with the negative

relationship shown for fornix volume in adult MS spanning 32-71 years old (Valdés Cabrera

2022). Similar to controls, MS fornix FA did not show changes with age, similar to adults with

MS spanning 32-71 years old (Valdés Cabrera 2022), but the majority of MS were below the

mean FA of controls across all ages (Figure 4.3), which may reflect early and persistent MS

injury from lesions and/or demyelination (Filippi 2001). Unlike MS fornix volume, there was

still notable overlap between controls and MS for fornix FA. None of the MS fornix diffusivities

(MD, AD or RD) showed age relationships, however they all deviated above controls across all

ages, with minimal overlap between MS and controls, especially fornix RD, which provides

evidence for early fornix injury from demyelination (Song 2002, Klawiter 2011). However,

axonal loss (i.e. lower density) is also possible and would explain the markedly smaller fornix

volume shown for MS compared to controls. Presumably, pathological effects on fornix diffusion

metrics (FA and diffusivities) in MS overwhelmed expected age relationships (shown in

controls). Fornix diffusivities previously showed positive linear trends in adult MS spanning

32-71 years of age (Valdés Cabrera 2022), so expected age relationships may have been

primarily overwhelmed by pathological effects at younger ages (under 32 years old). MS fornix

volume and diffusion metrics exhibited changes indicative of MS injury across all ages (13-63

years), which suggests that the fornix is an early and consistent target of injury in MS. Notably,

these changes were even similar between POMS (13-19 years) and progressive MS (46-63

years), providing further evidence for early, not progressive, fornix injury in MS, which is likely

due to its location within the ventricles and exposure to soluble MS inflammatory factors in CSF

(Pardini 2021). Although, there were small sample sizes for either group (n=11 POMS and n=7
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progressive MS). These findings agree with a longitudinal fixel-based analysis in 20 WM tracts

of interest (using a DTI-based WM atlas, including the fornix) in all MS subtypes (mean age of

48 years), which did not show diffusion changes of the fornix over five years (Koubiyr 2024).

Diffusion changes were, however, shown over time for other WM tracts, namely the

corticospinal tract, cingulum, and superior longitudinal fasciculus. Fornix volume/diffusion

metrics appear also worse in two later adult POMS subjects (39 and 42 years old) relative to

controls than other AOMS in the same age range, however future work is needed to determine

whether these findings persist in larger sample sizes.

For total/regional brain volumes in controls, the positive relationships shown for CSF and

lateral ventricles, and negative relationship shown for total GM with age are in agreement with

previous work (Good 2001, Michielse 2010, Lebel 2012, Narvacan 2017, Treit 2022). There

were also negative linear (and Poisson) relationships shown for TBV and total WM with age in

controls in the previous studies, but very young (under 12 years) and elderly (above 65 years)

controls were included in those studies (missing in this study) and may have driven age

relationships. However, TBV and total WM also showed no changes with age in a female-only

cohort of controls (Good 2001), which reflects the female majority of controls used in this study.

For MS, increasing CSF and lateral ventricle volumes, and decreasing TBV, total GM,

cerebellum, and cerebellum GM volumes with age is also in agreement with previous work

(Eshaghi 2018, Bartels 2019). Additionally, the steeper slopes shown for CSF, lateral ventricle

volume, and total GM in MS relative to controls, which diverge from controls at later ages,

suggests progressive loss with age in MS.

For the deep GM structures in controls, negative relationships were shown for caudate,

putamen, globus pallidus, and thalamus volumes, however Poisson curves were shown for these
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structures previously with an initial increase during childhood/adolescence, peaking between

12-14 years for caudate, putamen, and globus pallidus, and 19-23 years for thalamus in a

cross-sectional study of 5-83 year old controls (Narvacan 2017). This may reflect the lack of

young (under 12 years) and elderly controls (above 65 years) in this study. Alternatively, the

Poisson curves mentioned above may have been the result of overfitting, as negative linear

relationships have also been shown for caudate, putamen, globus pallidus and thalamus volumes

in 5-91 year old healthy controls (Treit 2022). Importantly, similar volume reductions with age

were shown between this study and the other cross-sectional study after the peaks at 12-14 and

19-23 years. Control hippocampus volume did not show changes with age here, but showed a

negative quadratic relationship with accelerated decline after ~60 years of age in the previous

cross-sectional study, which may reflect the lack of elderly controls above 60 years in this study.

However, the flat trajectory shown for control hippocampus volume with age in this study agrees

with an independent measure of hippocampus volume (manual segmentation of 1 mm DWI) in

the same cohort of controls if the age range was restricted to the same age range used here (Solar

2021). Interestingly, manual segmentation of the hippocampus yielded a much smaller volume

for total hippocampus than volBrain (4.4 cm3 vs 8 cm3). Unexpectedly, control amygdala volume

showed a weak positive relationship with age, although similar to the hippocampus, this may

reflect the lack of elderly controls above 60 years in the study, because the other cross-sectional

study showed a Poisson curve for amygdala volume in controls with age that also showed

accelerated decline after ~60 years. For deep GM structures in MS, the progressive atrophy

shown for caudate, putamen and hippocampus volume below controls with age is consistent with

previous work (Eshaghi 2018, De Meo 2019). There were no changes shown for globus pallidus

or thalamus volumes with age in MS, likely due to the marked volume reductions shown at all
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ages, most notably for thalamus volume, which similar to the fornix may reflect inflammatory

damage from CSF (Eshaghi 2018). Notably, the steeper slope shown for putamen volume in MS

compared to controls, which diverges from controls at later ages, suggests progressive loss with

age in MS.

There were several limitations in the current study, including the limited age range of

controls and MS participants, which were missing very young and elderly subjects. This study

analyzed all sex-matched controls within the same age range as the MS participants that had

identical FLAIR-DTI from a previous normative study. Future work will analyze the remaining

controls that have FLAIR-DTI, including 28 younger controls (5-12 years, 14 males), 29 male

controls within the MS age range (13-62 years), and 10 elderly controls (67-74 years, 6 males).

Future work should also work to recruit more elderly controls (above 74 years) and MS (above

63 years), POMS children/adults, 25-35 year old MS, PPMS/SPMS, and males with MS. The

focus on a single tract of interest in this study, the fornix, was another limitation of the study as it

prevented the ability to conclude whether findings were limited to the fornix or extend to other

WM tracts. FLAIR-DTI has limited brain coverage as it was developed for the fornix (as detailed

in Section 2.3), but future analyses will include whole brain multi-shell diffusion MRI analysis

of other WM tracts in a broader age range of controls and MS. Future work should also consider

longitudinal studies to better assess age-related changes within individuals, and will assess

correlations between fornix volume/diffusion metrics (and other total/regional brain volumes)

and clinical/cognitive scores with age, i.e. time since MS onset, EDSS, TLV, Pediatric Fatigue,

MFIS, BDI-II, SDMT, BVMT-R, T25FW, and 9HPT. Nonetheless, the findings presented in this

study provide useful preliminary data about fornix microstructure changes across the ‘lifespan’
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in MS, and highlight a potential early degradation of fornix integrity in MS due to its location

within CSF.
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5. Conclusion

The results in this thesis show that the fornix is affected in child/adolescent POMS,

similarly to adult MS (Chapter 3), and that there are microstructural fornix volume/diffusion

abnormalities that deviate from healthy controls across the MS “lifespan” (Chapter 4). In Chapter

3, POMS fornix volume was more affected percentage wise than any other total/regional brain

volume losses that were assessed in this study, including hippocampus and total GM volume,

which were not different between POMS and controls. In Chapter 4, MS exhibited marked

deviations from controls in fornix volume and diffusion metrics at all ages. These findings not

only suggest that the fornix may be an early brain region affected in MS, but that fornix WM

injury precedes injury to connected GM (i.e. hippocampus), which may be the result of its

location within CSF containing soluble MS inflammatory factors early on in the disease course

of MS. The use of high-resolution, CSF-suppressed FLAIR-DTI tractography identified the

fornix in all MS and controls, while minimizing deleterious CSF partial voluming. These

findings largely agreed with previous DTI studies of the fornix in MS and controls, and

addressed some of the inconsistencies found in the results of previous fornix studies that used

lower spatial resolution and no fluid-suppression.

The work presented in this thesis has several limitations. The small sample size of 11

POMS in Chapter 3 prevented any robust correlations to be made between fornix

volume/diffusion metrics and clinical/cognitive scores, and the lack of very young and elderly

MS and controls in Chapter 4 may have prevented more age-relationships to be found. Studies

should be repeated using larger sample sizes across a wider age range, which includes more

children and adult POMS, PPMS/SPMS, and males with MS. The focus on a single tract of

interest, the fornix, also prevented the ability to conclude whether findings were unique to the
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fornix or extend to other WM tracts. FLAIR-DTI has limited brain coverage as it was developed

for the fornix, but future analyses will include whole brain multi-shell diffusion MRI analysis of

other WM tracts. Future work should also consider longitudinal studies of WM tracts to clearly

identify when specific age-related changes occur. Fornix findings could not be compared to

histology results, which would also provide needed insight into how to interpret at the

microstructural level the water diffusion changes in MS and across age.

Nonetheless, high-resolution, fluid-suppressed diffusion tractography of the fornix

provided evidence for early involvement of the fornix in the disease course of MS, and suggests

that fornix microstructure should not be overlooked in future work examining MS pathology.

Optimistically, the short FLAIR-DTI scan could be implemented clinically in the future to

analyze the fornix early on in the disease course of MS (or prior to diagnosis) if future work

determines that the fornix is a unique and early target of MS.
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Appendix A: Volumetric Studies in POMS Children and Adolescents (ordered
chronologically since 2008)

Author,
journal, year

Subjects Protocol Core Findings
L-left, R-right, N.d.-no difference

Mesaros,
Neurology,
2008

28 POMS
14.4 years
(7-16)

1.5T

1 mm3

isotropic

N.d. TBV, ICV, total GM MS vs controls

↓ Th

↓Th∝ lesion volume (Wallerian
degeneration?)

Aubert-Broch
e,
NeuroImage,
2011

30 POMS
15.4 years
RRMS

1.5T

1 mm3

isotropic
or
0.98x0.98x1.5
mm3

↓ Th, CC (splenium), GP
↑ LVs

↓CC (splenium)∝ lesion volume

Till,
Neuropsychol
ogy, 2011a

35 POMS
16.3 years

1.5T

0.98x0.98x1.5
mm3

↓ Th (12%), TBV (4%), total GM (4%)
volumes

CC area∝ EDSS

Th, TBV, total GM, CC ∝ lesion volume

Th volume ∝ IQ, SDMT

Calabrese,
AJNR Am J
Neuroradiol,
2012

35 POMS
13.2 years
(8-16)

1.5T

120 1.2 mm
axial slices

Baseline:

N.d. GMf MS vs controls

Follow-up (3 years):

ΔGMf MS > ΔGMf controls

ΔGMf∝ cortical lesion volume

Fuentes, J Int 32 POMS 1.5T ↓TBV, Amyg (7%), Th (14%)
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Neuropsychol
Soc, 2012

16.3 years
(11-19)
RRMS

0.98x0.98x1.5
mm3

N.d. Hippo MS vs controls

Th, Hippo∝ IQ

TBV, Th, Hippo, Amyg (weak)∝ memory
performance

Memory performance N.d. MS vs controls

Kerbrat,
Neurology,
2012

38 POMS
15.2 years
(10.1-19.6)
RRMS

1.5T

0.98x0.98x1.5
mm3

↓ICV, TBV, total WM, total GM, deep GM
(Th, GP)

↓TBV, Th∝ lesion volume

Aubert-Broch
e, Neurology,
2014

36 POMS
13.8 years
(5.1-17.7)

Longitudinal
(2-11 scans,
1.1-7.7 year
follow-up)

1.5T

0.98x0.98x1.5
mm3

Failure of age-expected TBV, Th, GP
volumes

N.d. Caud, Put

↓Th∝ lesion volume

Rocca, Mult
Scler, 2016a

53 POMS
15.1 years
(8-18)

3T

0.89x0.89x0.8
mm3

↓TBV, total GM, Hippo (total and regional)

Hippo atrophy (only regional)∝ lesion
volume, cognitive impairment, attention,
language

Weier, Mult
Scler, 2016

28 POMS
16.2 years
RRMS

1.5T

0.98x0.98x1.5
mm3

N.d. Cb MS vs controls

Cb (posterior lobe)∝ SDMT, vocabulary
Cb (infratentorial) lesion volume∝
vocabulary

Bartels, Mult
Scler, 2019

37 POMS
15 years
(10-17)

1.5T

0.89-2.5 mm
slice
thickness

Baseline:

↓TBV (6%), total GM (8%), total WM (4%)
↑CSF (25%)

Follow-up (2 years):
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↓TBV (7%), total GM (7%), total WM (7%)
↑CSF (40%) (N.d. total GM, no progression)

↓TBV (baseline and follow-up)∝ lesion
volume, EDSS
↑CSF (baseline and follow-up)∝ lesion
volume, relapses

De Meo,
Neurology,
2019

68 POMS
15.1 years
RRMS
(baseline)

30 POMS
15.5 years
RRMS
(3.5 year
follow-up)

3T

0.89x0.89x0.8
mm3

Baseline:

↓ Bg, FL, PL, TL, OL, Cb
↓ Hippo, Th, Prec, Insula, Cn, Amyg

GM atrophy (Th, L Cn, L IFg, R Prec)∝
EDSS
GM atrophy (CingC, Th, FL, TL, PL, OL,
Cb)∝ worse IQ
GM atrophy (Th, Cn, FL, TL)∝ lesion
volume

Follow-up (3.5 years):

↓Th, Put, Prec, FL, PL, TL, OL, CingC,
Insula, Hippo, Amyg, cerebellum (GM
atrophy progression)

GM atrophy progression (CingC, FL, PL,
TL, OL)∝ worse IQ
GM atrophy progression (Th)∝ lesion
volume

Fadda, Ann
Neurol, 2019

27 POMS
12-13 years

1.5T

0.98x0.98x1.5
mm3

↓Th (especially regions adjacent to WM)

Th atrophy∝ distance from ventricular CSF

Fabri,
Neuroimage
Clin, 2021

65 POMS
18.3 years
(8-27)

3T

0.9x0.9x1

↓Hippo (7%), Amyg (5%), Th (13%), TBV
(2%), total GM (3%)
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mm3 Hippo and Th volumes∝ word memory
performance

Fadda,
Neurology,
2023

26 POMS
14.6 years
(13.6-15.6)

Longitudinal
(median 5.1
years)

1.5T
0.98x0.98x1.5
mm3

or

3T
0.94x0.94x1
mm3

Failure of age-expected Th, GP volumes

Amg, amygdala; Bg, basal ganglia; Caud, caudate; Cb, cerebellum; CC, corpus callosum; CingC, cingulate cortex;
Cn, caudate nucleus; FL, frontal lobe; GMf, gray matter fraction; GP, globus pallidus; Hippo, hippocampus; ICV,
intracranial volume; IFg, frontal gyrus; LVs, lateral ventricles; OL, occipital lobe; PL, parietal lobe; Prec, precuneus;
Put, putamen; TBV, total brain volume; Th, thalamus; TL, temporal lobe
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Appendix B: DTI Studies in POMS Children and Adolescents (ordered
chronologically since 2004)

Author,
journal,
year

Subjects Protocol DTI
Analysis

Core Findings
L-left, R-right, N.d.-no
difference

Mezzapesa,
Arch
Neurol,
2004

13 POMS
14.1 years
(7-16)

1.5T

24 5 mm
axial slices
8 b=1044
s/mm2

Voxel-based NABT: ↑MD

Tortorella, J
Neurol,
2006

23 POMS
14.1 years
(7-16)

1.5T

10 5 mm
axial slices
8 b=1044
s/mm2

Voxel-based NAWM: ↑MD, ↓FA

NAGM: N.d. MS vs controls

Absinta, J
Neurol
Neurosurg
Psychiatry,
2010

30 POMS
14.7 years
(7-18)
RRMS

1.5T

10 5 mm
axial slices
8 b=1044
s/mm2

Voxel-based NAWM: ↑MD, ↓FA

GM: N.d. MS vs controls

Vishwas,
AJNR Am J
Neuroradiol
, 2010

10 POMS
16.6 years
(15.1-18)
RRMS

1.5T

1.72x1.72x6
mm3

12-30
b=1000
s/mm2

(8 patients)

2.29x2.29x3
mm3

29 b=1000
s/mm2

ROI,
tract-based

CC ROI: ↑ADC, ↓FA, NAWM
(↑ADC genu, splenium; ↓FA
splenium)

PLIC ROI: ↑ADC, ↓FA, NAWM
(↑ADC)

CP ROI: ↑ADC, NAWM (↑ADC)

LAF ROI: ↑ADC, ↓FA, NAWM
(↑ADC/↓FA SLF, IFOF, UF)
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(1 patient)

2.2 mm3

isotropic
29 b=1000
s/mm2

(1 patient)

CC TB: ↑ADC, ↓FA, NAWM
(↑ADC genu, splenium; ↓FA
splenium)

PLIC TB: ↑ADC, ↓FA, NAWM
(↑ADC/↓FA)

CP TB: ↑ADC, ↓FA, NAWM
(↑ADC/↓FA)

LAF TB: ↑ADC, ↓FA, NAWM
(↑ADC/↓FA SLF, IFOF, UF)

Bethune, J
Neurol Sci,
2011

33 POMS
16.1 years

1.5T

32 5 mm
axial slices

25 b=1000
s/mm2

ROI CC NAWM: ↑MD (posterior
body), ↓FA (genu, splenium), avg
FA∝ lesion volume, ↑MD/↓FA
∝ worse VM/SDMT

FL NAWM: N.d. MS vs controls

PL NAWM: ↓FA L/R

TL NAWM: ↑MD L, ↓FA L/R

OL NAWM: ↓FA L/R

Th NAWM: N.d.

Avg hemispheric NAWM FA∝
lesion volume

Till,
Neuroreport
, 2011b
(follow-up
study to
Bethune, J
Neurol Sci,
2011)

31 POMS
16.4 years

1.5T

32 5 mm
axial slices

25 b=1000
s/mm2

ROI CC: avg FA∝ better math
performance

FL: R avg FA∝ better math
performance

PL: R avg FA∝ better math
performance
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Tillema,
Mult Scler,
2012

18 POMS
15.4 years

1.5 T

3 mm3

isotropic
(interpolated
to 1.5x1.5x3
mm3)

15 b=1000
s/mm2

ROI CC NAWM: ↓FA, ↓AD, ↑RD

IC NAWM: ↓FA

Blaschek,
AJNR Am J
Neuroradiol
, 2013

14 POMS
15.1 years
(12-17)

3T

1.8x1.8x4
mm3

20 b=1000
s/mm2

TBSS, mean
WM
skeleton

↓FA (splenium CC, R TL, L/R PL)
↑MD (CC, SLF, Fx, CR, CST, UF)
↑AD < ↑RD

Mean skeletal FA∝ disease
duration

Vishwas,
AJNR Am J
Neuroradiol
, 2013

20 POMS
15.9 years
(8.4-18)

1.5T

1.72x1.72x6
mm3

or
0.86x0.86x2
.2 mm3

6-29
b=1000
s/mm2

ROI,
tract-based

CC ROI: ↑ADC, ↓FA

CP ROI: ↑ADC, ↓FA

PLIC ROI: ↑ADC, ↓FA

LAF ROI: ↑ADC, ↓FA

CC TB: ↑ADC, ↓FA, NAWM
(↑ADC/↓FA splenium,
anterior/posterior midbody)

CP TB: ↑ADC, ↓FA

PLIC TB: ↑ADC, ↓FA

LAF TB: ↑ADC, ↓FA NAWM
(↑ADC/↓FA SLF, IFOF, UF)

Akbar, 19 POMS 3T TBSS, mean WM: ↓FA (entire skeleton, CC,
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PLoS One,
2016

19 years
(12-24)

2.0x2.0x3.0
mm3

64 b=1000
s/mm2

WM
skeleton

posterior ThR, ILF, IFOF, CR),
↑MD, ↑RD, N.d. AD MS vs
controls

FA, AD, RD∝ lesion volume,
thalamic volume

Rocca, Mult
Scler, 2016b

11 POMS
11.1 years
RRMS
(Cohort 1)

11 POMS
13.4 years
RRMS
(Cohort 2)

1.5 T
1x1x5 mm3

25 b=1000
s/mm2

(Cohort 1)

3T
2.14x2.6x2.
3 mm3

35 b=900
s/mm2

(Cohort 2)

Probabilistic
Tractograph
y

Cohort 1
CC NAWM: ↑MD 5%, ↓FA 5%
SLF NAWM: L/R ↑MD (L 5%, R
5%), L/R ↓FA (L 6%, R 8%)
CST NAWM: L ↑MD (4%)
ILF NAWM: R ↓FA (7%)

Cohort 2
CC NAWM: ↑MD 4% , ↓FA 7%
SLF NAWM: L/R ↑MD (L 3%, R
3%), L/R ↓FA (L 4%, R 4%)
CST NAWM: L/R ↓FA (L 3%, R
5%)
ILF NAWM: L ↓FA (5%)

Avg CC NAWM FA∝ lesion
volume
HC age∝ ↑FA and ↓MD
(correlation lost in POMS)

Longoni,
Brain, 2017

58 POMS
<20 years

1.5 T

2x2x5 mm3

25 b=1000
s/mm2

Voxel-based
, NAWM
mask

↑MD (females only) with age
↓FA with age

Bartlett, J
Neuroimagi
ng, 2019

15 POMS
17.9 years

3T

2.5 mm3

isotropic
64 b=1000
s/mm2

ROI CC: ↓FA
TL: ↓FA
Th: ↑FA

WM FA (CC, UF, TL, OL)∝
reaction time (but not BICAMS -
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SDMT, BVMT-R, CVLT-II,
RAVLT)

De Meo,
Brain, 2021

70
15.6 years

3.0T

55 2.3 mm
axial slices

35 b=900
s/mm2

TBSS, mean
WM
skeleton

Th: ↓FA (whole, WM), ↑MD
(WM)

↓FA and ↑MD∝ bands closer to
CSF

Govindaraja
n, Brain
Imaging
Behav, 2021

25 POMS
20.8 years

3T

2.5 mm3

isotropic

64 b=1000
s/mm2

Voxel-wise
analysis,
WM tract
atlas (avg
FA, MD,
RD, AD)

AR: ↓FA, ↑RD

CC: ↓FA, ↑MD, ↑RD, ↑AD

Cing: ↓FA, ↑MD, ↑RD

CST: ↓FA, ↑MD, ↑RD, ↑AD

IFOF: ↓FA, ↑RD

SFOF: ↓FA, ↑MD, ↑RD, ↑AD

OR: ↓FA, ↑MD, ↑RD, ↑AD

SLF: ↓FA, ↑MD, ↑RD, ↑AD

MD, RD, AD (CC, L CST, L
SFOF)∝ worse processing speed
(SDMT)

AR, acoustic radiation; BICAMS, Brief International Cognitive Assessment for MS; CC, corpus callosum; Cing,
cingulum; CP, cerebral peduncle; CR, corona radiata; CST, corticospinal tract; FL, frontal lobe; Fx, fornix; HC,
healthy control; IC, internal capsule; IFOF, inferior fronto-occipital fasciculus; ILF, inferior longitudinal fasciculus;
LAF, long association fibers; NABT, normal-appearing brain tissue; OL, occipital lobe; OR, optic radiation; PL,
parietal lobe; PLIC, posterior limb of internal capsule; RAVLT, Rey Auditory Verbal Learning Test; SFOF, superior
fronto-occipital fasciculus; SLF, superior longitudinal fasciculus; TB, tract-based; Th, thalamus; ThR, thalamic
radiation; TL, temporal lobe; UF, uncinate fasciculus; VM, Visual Matching
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Appendix C:
Pediatric Fatigue: Participants must answer 1-5 for each statement; the total score is the number
sum of all answers.
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Modified Fatigue Impact Scale (MFIS): Participants must answer 0-4 for each statement; the
total score is the number sum of all answers.

116



117



Beck’s Depression Inventory-II (BDI-II): Participants must answer 0-3 for each statement; the
total score is the number sum of all answers.
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Symbol Digit Modalities Test (SMDT): Participants must read out loud (in order; left to right,
line by line) as many numbers, which each correspond to a different symbol, as possible in 90
seconds. The total score is the number of correct number-symbol matches within 90 seconds.
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Brief Visuospatial Memory Test-Revised (BVMT-R): Participant is instructed to look at the
test stimuli (below) for 10 seconds, after which point the test stimuli page is put away and the
participant is given unlimited time to draw as many figures as they remember on a separate blank
sheet of paper (participant advised to draw exact shape, size, and location on the page). This is
repeated three times using the same test stimuli page for all three trials with a new blank sheet of
paper each time. The total score is the number sum of all three trials, which are each scored out
of 12, based on correct shape/size and location.
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Timed 25-Foot Walk (T25FW): Participant is asked to walk 25 ft as quickly, but safely (i.e.
participant may use assistive walking device if needed) as possible, and is timed. This is repeated
a second time, and the total score is the average time (seconds) of both trials.

Nine-Hole Peg Test (9HPT): Participant is given 9-hole-peg board and 9 pegs, and is asked to
fill the board and empty the board with the pegs one at a time as quickly as possible. This is
repeated two times with their dominant hand and then two times with their non-dominant hand;
each of the four trials is timed and the total score is the average time (seconds) of all four trials.
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